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NAS8-21292, e n t i t l e d ,  "Analysis of Wind Field Conditions Which 
Adversely Affect Vehicle Operations." M r .  John W. Kaufman and D r .  
George H. F i ch t l  of the  Marshall Space F l ight  Center, Aero-Astrodynanics 
Laboratory, Aerospace Environment Division, were the  technical  monitors 
on behalf of the Contracting Officer,  during the adminis t ra t ion of the  
cont rac t ,  and M r .  W i l l i a m  W. Vaughan and M r .  Kelly H i l l  a s s i s t ed  i n  
the  review of  the  f i n a l  repor t .  M r .  Joseph L. Goldman was the 
Pr inc iap l  Invest igator  f o r  t h e  I n s t i t u t e  f o r  Storm Research. 
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1. SUMMARY 

This report is concerned with the  ana lys i s  of wind field condi- 

t ions which coulq adverse ly  a f f ec t  vehic le  operat ions,  with particular 

appl icat ion t o  the  prospective launch sites a t  t he  Kennedy Space Center. 

A survey of the  l i terature in  t h i s  area of research  d i s c l o s e s  that the in- 

formation on seve re  local  storms reported by Atlas (1963) i s  the  standard 

reference.  Strong winds have been related t o  thunderstorm cold a i r  out- 

f low near  the  ground by Kaufman (1967) and Fichtl  (1968). Other refer- 

e n c e s  a r e  Fujita (1962) who presented a n  a n a l y s i s  of maximum outflow 

winds.  

from a moving source.  

a i r  may occur on bubbles  of warm air, or a s  a plume of warm a i r  in a 

continuous updraft. 

state thunderstorm. 

od for gus t s .  

logical  tower on measurements of wind s p e e d ,  and  Davis and Newstein 

(1968) found gus t  fac tors  decreas ing  with increasing height. 

reported on a continuing ana lys i s  of wind roughness  length depending on 

wind direction. Darkow (1968) considers  h i s  "Energy Index" a good f i r s t  

indicator  of s eve re  storm outbreak. 

heavy squa l l s  is presented by Peskov and Snitkovskiy (1968). 

Fujita ( I  96 5) and Goldman (1  968) presented concepts  of the  generation of 

Lidga and Bigler (1958) descr ibed the  profile of wind emanating 

Brooks (1968) pointed out that  convection of warm 

Goldman (1  968) postulated a five-layered s teady  

Brook and Spillane (1964) developed a forecas t  meth- 

Dabbert (1968) invest igated the  reducing effect of a meteoro- 

Fichtl  (1968) 

An interest ing technique for forecast ing 

Browning and 

1 
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cold outflow a i r  in thunderstorms. 

downdraft producing outflow, have been developed by Orville (1967)  and 

Weinstein and Davis  (1968). 

Numerical models,  without the cold 

Most turbulence models which  have been developed are based 

This report a t tempts  on ground wind da ta  from meteorological towers.  

io offer a iiieans of diagnosing and predicting winds from both ground and 

sa t e l l i t e  data .  A theoret ical  model is developed here whereby i t  is pos- 

s ib le  for the  wind profile from the  ground upward to  be expressed  as  a 

function of the immediate pas t  history of t h e  CAOF forced flow. 

principal theoretical  contribution developed i s  in the friction layer 

t hese  developments a re  made in ant ic ipat ion of real-time forecasting. 

The 

and 

T h e  cold a i r  outflow emanating from a thunderstorm h a s  been re-  

presented in  complex potent ia ls  by the  addi t ion of pure t ranslat ion flow 

and pure source flow. 

h a s  been developed to  represent  the outflow affect ing a ver t ical  l ine a t  

any  known location with r e spec t  t o  the center  of a storm. 

velocity and  storm motion as  inputs the  computer program provides the 

horizontal  flow a s  a function of height. 

programmed to vary i t s  location with height in  a sp i ra l  about the  center  

of t he  storm. 

veloci ty  were applied for spec i f ic  c a s e s  and computer r e su l t s  obtained. 

Using a n  empirically derived dis t r ibut ion of cha rac t e r i s t i c  length,  z o  

a log law variation of wind with height i s  appl ied to  represent  the outflow 

Based on that  formulation, a numerical model 

With ver t ica l  

The  source of the  outflow i s  

Parameters defining t h e  rad ia l  var ia t ion of t h e  ver t ica l  

2 
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i n  t he  boundary layer. The lower layers  of t he  theoret ical  model of out- 

flow are  being modified with the  r e su l t s  of empirical  da ta  from spec i f ic  

c a s e s .  The resul t ing model represents  cold air outflow tha t  is friction- 

a l l y  retarded by a two-dimensional dis t r ibut ion of horizontal  velocity.  

The passage  of severa l  summer t ime thunderstorms h a s  been  re- 

corded at NASA's 150-meter meteorological tower at  Kennedy Space 

Center ,  Florida. Temperature and wind da ta  a t  resolut ions of one-half 

minute down t o  one-tenth of a second revealed t h e  structure of the lead- 

ing edge  of cold a i r  outflow in a de ta i l  never before avai lable .  

In addi t ion t o  verifying previous concepts  of cold a i r  outflow, 

case s tud ie s  showed tha t  at a l l  levels  the  wind sh i f t s  direction prior t o  

increas ing  speed ,  and the  t i m e  lag between direction and speed  changes  

diminishes  with height. 

mum i n  wind s p e e d ,  the  wind direct ion c a n  change a s  much a s  60 degrees .  

During a 5 minute period preceeding the  maxi-  

Velocity for t ime-to-space conversion w a s  obtained from the  mo- 

t ion  of radar  echoes  measured at nearby s ta t ions .  

vers ion of the  tower da ta  indicates  a t ransi t ion length of 7 t o  9 km 

between the  undisturbed warm environmenta 1 conditions and the cold 

thunderstorm wind field.  

minutes.  

Time-to-space con- 

The total  t i m e  for the  t ransi t ion is about 15 

Ini t ia l  temperature decrease  occurs  s imultaneously with the  f i r s t  

maximum in speed. 

t op  measurement l eve l ,  but the  isotherms a r e  nearly vertical .  A t  the  

The temperature drop occurs f i r s t  and is grea tes t  a t  the 

3 



maximum i n  horizontal temperature change , t he  horizontal  temperature 

gradient  is about twice the  vertical .  Away from th i s  maximum, how- 

e v e r ,  it appears  that the reverse  is true. 

ture drops seems to ref lect  the  presence of a surface boundary layer 

about  30 meters d e e p ,  s ince  the i so l ines  of wind and temperature sweep  

back upstream as  they n e ~ r  t h e  grouiid. 

The wind sh i f t s  and tempera- 

Wind distribution in the  ver t ical  a s soc ia t ed  with thunderstorm 

outflow is studied. 

the  meteorological tower on  9 May 1967 and recorded o n  t ape  a t  digi t ized 

intervals  of 0 .1  seconds .  The phenomena, which las ted  for over  2 0  min- 

u t e s ,  had a n  increasing phase  lag in  wind direct ion with height. 

l eve l  of m a x i m u m  wind s p e e d ,  which w a s  30 meters high during the  f i r s t  

part of the  period, ro se  to 6 0  meters during the  f inal  part. These wave-  

like osc i l la t ion  measurements a r e  examined here , with the addi t ion of 

radar pictures and thermal da ta .  

Five-second period osc i l la t ions  were measured a t  

The 

In conclus ion ,  th i s  report shows a continuing development of a n  

adverse  wind warning sys tem which is based  o n  a theore t ica l  and numer- 

i ca l  model of airflow and h a s  been formulated and programmed for NASA's 

computers. 

This year of r e sea rch  has  made a n  important contribution to the  

state of the  a r t  in a working d ig i ta l  computer program tha t  models three- 

dimensional  thunderstorm outflow , and which can be modified simply by 

adding subprograms to compute de t a i l s  which wi l l  be added from future 

4 
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theory and measurement. Higher resolut ion da ta  a r e  expected to enhance  

t h e  empirical  development of t h e  model. Our further efforts should refine 

and improve on the  program a s  we concentrate  on obtaioing input para- 

meters for the  forecast ing model. 

5 



2 .  I NT ROD U CT IO N 

Adverse wind condi t ions affecting launch operat ions from Kennedy 

Space  Center have been descr ibed theoret ical ly  , studied empirically , and 

modeled numerically. 

Winds tha t  contribute to over-s t ress ing a vehicle  a t  the launch 

site have been  related to thunderstorm cold a i r  outflow near the  ground 

by Kaufman (1  967) and Fichtl  (1 968). 

i c a l  models,  e.g. , Orville (1967),  Weins te in  and Davis  (1968) ,  have 

revealed a common deficiency: namely,  they fa i l  to take into consider-  

a t ion  the  cold downdraft which produces outflow. 

Invest igat ions of ex is t ing  numer- 

The s t a t e  of the  a r t  in convection models h a s  not considered a 

cold downdraft unti l  t he  recent  mathematical  development of a model of 

airflow in  a severe  storm by Goldman (1968). The downdraft tha t  f eeds  

the  cold outflow is parameterized so tha t  inputs  from measurements of 

atmospheric  parameters ( such  as  radar echo  in tens i ty  or  wind and t e m -  

perature from towers i n  the lower layers ) ,  present ly  used  for d iagnos t ic  

purposes ,  c a n  be used o n  a r e a l  t i m e  b a s i s  for prognostication. 

model w a s  originally developed to represent  the  complicated veering 

and shear ing environment of the  Great Plains thunderstorm cold air out-  

flow. 

c a n  be represented by neglecting some of the  layers  in th i s  model. 

This 

The l e s s  complicated environment of the  Florida thunderstorm 

The numerical appl icat ion of th i s  ad jus ted  model c o n s i s t s  of a 

6 



dig i ta l  computer program that  produces the  wind profile a t  any given 

location ( the launch site in  our case) from storm parameters. 

var ia t ions of the  wind profile are  obtained by the  t i m e  variation of input 

parameters. The computer program is designed so tha t  known or mea-  

The t i m e  

sureable  quant i t ies  c a n  be made independent var iables  and unknowns or 

predicted parameters can be made dependent  var iables .  The program is 

writ ten to allow for addi t ion of spec ia l  prediction subroutines without 

redesigning the  ent i re  program. 

A spec ia l  theoret ical  refinement w a s  made to represent  the  turbu- 

lent  boundary layer in cold outflow. 

re tardat ion of t h e  wind by t h e  rough condition of the  surface.  The log- 

law used for the  wind profile near t he  ground is matched to  the ex is t ing  

model flow, and the  height of t h e  charac te r i s t ic  ve loc i ty ,  in  t he  log pro- 

f i l e ,  is computed empirically for the  a rea  of in te res t  (Fichtl ,  1968). 

have  devised  a general  ana ly t ic  form of the  charac te r i s t ic  veloci ty  using 

This refinement accounts  for the  

We 

cont inui ty  considerations.  The same continuity considerat ions were used 

to derive the  cold outflow part of Goldman's severe  storm model, and we 

have  derived a mathematical  function whereby t h e  charac te r i s t ic  velocity 

c a n  be obtained from immediate pas t  data.  A mathematical development 

s imilar  to th i s  w a s  made by Dyer (1968) ,  bu t  it w a s  not derived from nor 

appl ied  to thunderstorm cold outflow conditions '. The effort presented 

Few theoret ical  developments in microscale meteorology a r e  su i tab le  for 
appl ica t ion  to the  convect ive s tabi l i ty  conditions of a thunderstorm envi-  
ronment. We have the  t a s k  of deciding whether t o  use  ex is t ing  theoret ical  

7 



here lends  itself to the  real-time problem of predicting boundary layer 

conditions.  

d i s c u s s e d  in detai l .  

Tests of condi t ions appropriate for real-time prediction a re  

The present empirical  da ta  with which we modify the  theoret ical  

model a r e  provided by case s tud ie s  of thunderstorm outflow, which a re  

made ~f data m e a s ~ e d  st >?"SA'S 150-metei  i i i e t e ~ r ~ l ~ ~ i ~ a l  tower, 

exis t ing da ta  from the Air Force operated WIND network, and radar  

echo  d i sp lays  from Daytona Beach. 

WIND network da ta  a r e  ava i l ab le ,  effor ts  to modify the  modeled flow 

a re  res t r ic ted by l imitations in  da ta  resolution. 

s iona l  modification now poss ib le  is along sur faces  made up of the  s torm's  

motion with respec t  to the NASA tower'. Analyses of meteorological da ta  

from the NASA tower on  low resolut ion s t r ip  cha r t s  and in high resolut ion 

digit ized'form have revealed s ignif icant  information about  changes  i n  the  

cold air .  

function of d is tance  and height. 

change is shown to be different than  previously assumed.  

Since only 30 minute averages  i n  

The o n l y  two-dimen- 

Preferred periods of changes  in  wind and temperature a r e  a 

The sequence  of wind and temperature 

Vertical 

4 

. 

4 

or  empirical  funct ions,  or to develop  our own funct ions.  We proceed 
he re ,  via a n  analyt ical  development,  to der ive  a function. This w e  
expec t  to modify as  more complete case s tud ie s  of thunderstorm con- 
d i t ions  provide necessa ry  empirical  data .  

Five minute average winds would al low a reso lu t ion  suff ic ient ly  grea t  
to make up the la teral  dimension,  which comple tes  t h e  three-dimens'ional 
modification. 

2 
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and horizontal  temperature gradients a r e  nearly equal i n  magnitude , ex- 

c e p t  at a particular p lace  near  t he  boundary of outflow. Large gradients  

in temperature are found to  coincide with the  small  gradients  in  wind,  i m -  

plying the  mixing -processes  tha t  a r e  taking p lace  in the cold a i r .  A peri- 

odic  change in wind direction with no accompanying change i n  speed  is 

shown t o  continue for more than ten minutes during the  pas sage  of the  

boundary of cold outflow. The ex ten t  of t h e s e  f luctuat ions into the  warm 

a i r  and the  sequence  of wind change a r e  considered warnings of adverse  

wind conditions t h a i  c a n  be used operationally. 

The present  method of fixing the  empirical  da ta  used t o  modify the  

theoret ical  model i s  t o  locate  the various s tud ie s  with r e spec t  t o  the  radar  

echo. This is done in  the  absence  of a horizontal  dis t r ibut ion of da t a  

through points-with-time resolut ions comparable to NASA's 150-meter 

meteorological tower. 

is Shown and the particular t ime-to-space conversion used to  obtain the 

sur faces  of empirical  da ta  i s  descr ibed in  de ta i l .  

The placement of e a c h  case study about  the  storm 

References 

Dyer ,  A. J. , 1968: An evaluat ion of eddy f lux variation i n  the  atmospheric  
boundary layer. L. Appl. Meteorol. , 1, 5,  845-850. 

Ficht l ,  George H . ,  1968: An ana lys i s  of the roughness  length a s soc ia t ed  
with the  NASA 150-meter meteorological tower. NASA'TMX-53690. 

Goldman, Joseph I,. , 1968: The high speed updraft--the key to  the seve re  
thunderstorm. L. Atmos. c., 25, 2 ,  222-248. 

9 



Kaufman, J. W . ,  and L. F. Keene, 1968: NASA's 150-meter meteorological 
tower located a t  the  Kennedy Space Center ,  Florida. NASA TMX- 
53699. 

Orvi l le ,  Harold D. , 1967: Ambient wind effects on t h e  ini t ia t ion and 
development 'of cumulus clouds over mountains--$ numerical  
experiment. Presented a t  the  Nat ' l .  Amer. Meteorol. SOC. Meeting,  
New York, January 2 3 - 2 6 .  

i 

i . 

Weins te in ,  A. 1. , and L. G. Dav i s ,  1968: A parameterized numerical 
model of cumulus cmvectim. Repsrt ?&. :i, Contract GA-777, 
National Science Foundation, Department of Meteorology, 
Pennsylvania S ta te  University,  University P a r k ,  44 pp. 

I 

10 



t 

I 
! 
I ’  

I 4  

3.  LITERATURE SURVEY 

Leon F. Graves 

t 
I +  

Recent l i terature on  severe  loca l  storms a d d s  relat ively little 

information to tha t  reported by Atlas (1963). 

outflow winds is restr ic ted to measurements at the  sur face  i n  the  regular 

observing network (s ta t ion  spacing of about 100 naut ica l  m i l e s  i n  the  

United S ta t e s  and l e s s  I n  Europe). 

other  techniques t h a t  maximize the  u s e  of recorded data, Fujita (1962) 

presented a n  ana lys i s  of maximum outflow winds f rom a particular storm 

sys tem (Fig. 1). 

Mos t  of the  information o n  

Using t ime-to-space conversion and 

The profile of wind e m n a t i n g  from a source moving at 35 mph 

w a s  descr ibed by Ligda and Bigler (1958). This is shown a s  Fig.2. The 

large absolu te  outflow speed ,  that  would be measured at a fixed point 

s u c h  a s  a tower, is s e e n  to be made up of the  speed  of the  source of 

outflow (a), and the  speed of the  outflow (b). 

t he  lower part of the  profile,  a s  s e e n  by the  depicted return circulat ions,  

h a s  been given limited theoret ical  considerat ion in  t h e  present  s tudy,  and 

it is suggested tha t  the  investigation be conducted. 

The effect  of friction on  

Brooks (1 963)  points ou t  tha t  convect ion of warm air may occur  o n  

bubbles  of warm air, or as  a plume of warm air in a continuous updraft. 

When convection l eads  to  a severe storm, the  weight of the  precipitation 

s t a r t s  a downdraft tha t  spreads  out as  relat ively cool  air .  Goldman 

11 
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F i g .  1 M a x l m u m  w i n d  v e l o c i t y  f o l -  
l o w i n g  t h e  p r e s s u r e  s u r g e  l i n e  o f  
5 J u n e  1 9 5 3 .  

I I w J 

F i g .  2 C i r c u l a t i o n s  a s s o c i a t e d  w i t h  a n  
a d v a n c i n g  d e n s e  a i r  m a s s .  N o t i c e  t h a t  
t h e  o v e r r u n n i n g  p o r t i o n  o f  t h e  b o u n d a r y  
b r e a k s  u p  i n t o  t i n y  e d d i e s .  F r o m  L i g d a  
a n d  B i g l e r  ( 1 9 5 8 ) .  . 
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(1968) pos tu la tes  a f ive  layered s teady state thunderstorm, but d o e s  not 

e labora te  on gus t ines s  in the cold a i r  outflow. 

The measured da ta  on gus t iness  of t h e  wind during thunderstsrm 

outflow condi t ions is highly dependent on instrument response.  

and Spillane (1964) point out t ha t  the  minimum averaging time (s) of a n  

instrument measuring wind speed  i s  general ly  different  from the  response  

time (t) of a device  or s t ructure  affected by the  wind. 

re la t ionship between the  maximum gus t  averaged over (s) seconds  and the  

maximum gus t  of (t) seconds  duration and present  forecast ing application. 

Brook 

They develop a 

Dabbert (1968) invest igates  the e f f ec t  of a meteorological tower 

on the  measurements of wind speed and  finds reduct ions up to  35% in the 

w a k e ,  with inc reases  up t o  198 along the  s i d e s ,  seemingly independent 

of wind speed.  Reasonable corrections c a n  be  applied.  

tower,  Davis and Newstein (1 968) find tha t  g u s t  factors  dec rease  with in- 

c reas ing  height. 

derstorm conditions.  

Using a 1000 foot 

However their  resu l t s  d o  not necessa r i ly  apply t o  thun- 

Fichtl (1  968) reports  that  NASA personnel a r e  now developing 

ana ly t i ca l  models of launch vehicles  which predict  the  response  of the  

veh ic l e s  t o  various types  of ground forcing functions.  H i s  ana lys i s  of 

Kennedy Space Center tower da ta  g ives  va lues  from 0 .23  m to  0.68 m 

for  t h e  wind roughness  length depending on t h e  wind direction. This  

a n a l y s i s  is continuing. 

Darkow (1  968) examines the to ta l  energy environment and con- 

siders tha t .h i s  "Energy Index" is a good f i r s t  indicator of severe  storm 
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outbreak. He points ou t ,  however,  that  the  f inal  forecast involves  a l l  

s eve re  storm parameters. 

An interesting technique for forecasting heavy squa l l s  is pre- 

sen ted  by Peskov and Snitkovskiy (1968). Their method i s  a variation 

of the Schowalter s tab i l i ty  index where the depth  of the layer defined 

by the c~n6ensiiilui-l ievei  and the height of the -lOC isotherm is used 

instead of the usua l  pressure  levels .  They show a n  inverse  relat ion 

between tha t  depth and the to t a l  wind between the  sur face  and 500 mb.  

Their descr ibed mechanism of mixing dry environmental a i r  with nearly 

saturated cloud air into which raindrops wi l l  fa l l  and evaporate  caus ing  

negat ive buoyancy a g r e e s  with present  concepts  of the  generat ion of 

cold outflow air  in thunderstorms,  e . g . ,  Browning and Fujita (1965) 

and Goldman (1968). 
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4. THEORETICAL MODEL OF OUTFLOW 

Michael D. Relfel and Joseph L. Goldman 

A model used to represent  the  adverse  winds tha t  could resu l t  

from thunderstorms w a s  developed previously by th i s  group (Goldman 

1968)  fcr u s e  ir, studying the  Great Tlains severe  storms. 

however,  a l lows u s  to ad jus t  its many mathematical  complexi t ies  to fit 

the particular environment of interest. 

Florida,  the  environment is simplified and we c a n  neglect  some of the  

layers .  

its genera i i ty ,  

In applying the  model to storms in  

In the  following paper o n  the numerical  model the flow is shown 

in  its mathematical form for the  cold air outflow (CAOF) layer tha t  ex tends  

to about  1500 feet above the  ground. 

lation of the  model a s  given by Goldman (1968) c a n  be followed i n  greater  

de t a i l  in  the  reports of Goldman and Freeman (1966) and Goldman (1967). 

The complete mathematical  formu- 

The principal theoret ical  contribution developed here w a s  in  the  

friction layer ,  t h e  lowest  leve ls  of flow i n  the  CAOF. 

oped whereby it is poss ib le  tha t  the  wind profile f r o m  the ground upward 

c a n  be expressed a s  a function of the  immediate p a s t  history of the  

forced flow (CAOF). 

t i m e  forecast problem, when speed  a s  we l l  as accuracy  wi l l  be important. 

A method is devel-  
v 

This development is made in  an t ic ipa t ion  of the  real-  

In general ,  turbulence models have been  developed which are 

based o n  ground wind da ta  from meteorological towers .  

of ver t ical  velocity f luctuat ion data a profile law is used  to ca l cu la t e  

In the a b s e n c e  

. 

16 



I 

! c  

i 
I 

1 

turbulent shear  stress, and  as a velocity sca l ing  parameter t o  combine 

turbulence da ta  in the  form of spec t ra ,  cospec t r a ,  var iances ,  etc. , 

based on similari ty considerat ions.  

In t h i s  paper ver t ical  velocity f luctuat ion da ta  is determined 

from exis t ing  longitudinal veloci ty  fluctuation da ta  through continuity 

considerat ions.  Then the  surface friction veloci ty  is ca lcu la ted  d i rec t ly ,  

and von Kgrmdn's similari ty constant  i s  determined for a sudden thunder- 

storm through a wind profile law. 

A. Theoretical  Approach 

In comparison with aerodynamic boundary layers ,  meteorological 

sur face  layers  a r e  usuai ly  th ick ,  and the  region tha t  is of primary inter- 

est (and a c c e s s i b l e  for measurement) i s  re la t ive ly  small  and c l o s e  t o  the  

surface.  

of ten assumed t o  be of l i t t le  importance, so  it is customary to  t reat  them 

The ac tua l  th ickness  and poss ib le  growth of t h e s e  layers  a r e  

theoret ical ly  as  if  the  properties near the surface were independent of the  

s t a t e  of the  flow at  great  heights.  Consequently the  turbulent shear  

s t r e s s  and hea t  f lux  a r e  often considered t o  be independent of height. 

Since the  change of the  turbulent s t r e s s  vector is assumed negli- 

gible  in the  surface layer ,  "a friction veloci ty" ,  cons tan t  with height ,  

c a n  be defined by 

:;< = 7 / ; ; ; ; = *  - 

17 



where 7 is the  shea r  s t r e s s ,  p is the  atmospheric dens i ty  near the 

su r face ,  and u ' , w '  a r e  the paral le l  and ver t ical  components of the  velo- 

- 
c i t y  fluctuations about  the  mean wind, u . The overbar below denotes  

the  t i m e  averaging operator . 

where T is the interval of t i m e  over which the averaging process  is 

performed . 
If the  sur face  layer  is assumed incompressible  with s t eady  mean 

flow only i n  the x direct ion,  the mean wind profile in the f i r s t  3 0  to  6 0  

meters of the  atmosphere,  i n  condi t ions of neutral  s tab i l i ty  (when there 

is no hea t  flux), i s  obtained by the  Monin-Obukhov similari ty hypothesis  

(Lumley and Panofsky, 1964) by  

u .I. 

k 
- ,,, 

u = - In ( z / z o )  

where u is t h e  mean wind veloci ty  a t  height z , z o  is the length char-  

acter iz ing the roughness  of the  sur face  (below z o  , the  mean flow van i shes  

because the flow below z o  h a s  been  disrupted to  the ex ten t  t ha t  the flow 

is completely turbulent) ,  u.,. ,,. is the friction veloci ty  defined a b o v e ,  and 

k i s  the von Ka*rrngn constant .  

The constant  k , which is primarily a n  intuit ive concep t ,  is added 

for convenience in similari ty.  Current knowledge of t h i s  term has been 

derived from a hierarchy of empir ical  inves t iga t ions  and  has  a numerical  

4 
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value  of about  0.4 (Rider, 1954). 

t he  case. ) 

(We wi l l  find tha t  t h i s  is not always 

If the veloci ty  components a re  decomposed into time-averaged 

and f luctuat ion terms , and subst i tuted into the  continuity equat ion for 

incompressible  two-dimensional flow, and the  resul t ing equat ion t i m e - .  

averaged term-by-term , t he  continuity equat ion for our two-dimensional 

I 
I 

v 

mode 1 becomes 

where  t h e  bar ind ica tes  time-averaged (or mean) quant i t ies  and the  prime 

ind ica t e s  fluctuation quant i t ies .  

The G. I. Taylor hypothesis  (Lumley and Panofsky, 1964) implies 

t ha t  for cer ta in  condi t ions (including v '  uncorrelated with u' ) t he  con- 

t inui ty  equat ion for the  fluctuation terms c a n  be wri t ten 

Using Eq. 4 the  ver t ica l  f luctuat ion veloci ty  is obtained from longitudinal 

f luctuat ing veloci ty  information by 

w ' ( z , t )  = W ' ( Z l , t )  + L z  (k F) d z  
21 

Then the  sur face  friction veloci ty  is obtained from Eq. 1 after applying 
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the  averaging operator for a suf f ic ien t  interval  of t i m e .  

B. Experimenta 1 Data 

Ground wind data were  obtained f rom measurements made by NASA 

on  their  150-meter meteorological tower a t  Kennedy Space Center ,  Florida. 

The tower is instrumented at the  3 ,  18,  30 ,  6 0 ,  90 ,  120 and 150 meter 

leve ls  with Climet wind sensors (Model C1-14) a n d ,  in  addi t ion ,  i s  instru- 

mented a t  the  18,  6 0 ,  120 and 150 meter leve ls  with Climet asp i ra ted  ther- 

mocouples (Model 0 16) (Kaufman and Keene, 1968).  

The measurements,  recorded every 1/10 second on high resolut ion 

magnetic t a p e ,  for t e s t s  of duration ranging between one-half t o  one hour,  

a r e  from cases obtained during the  hours between 1300 and 2000  EST. 

Specif ical ly ,  our conclus ions  a r e  based  on d a t a  for two typical  sudden 

thunderstorms; the tests for wind speed  and d i rec t ion ,  made a t  the 3 ,  18 

and 30 meter levels  for 10 minutes durat ion,  occurred a t  1600 and 1900 EST. 

Fichtl  (1968) determined the  surface roughness  length,  z o  , for the 

150-meter tower location from thirty-nine wind and temperature prof i les  

evaluated a t  the 18 and 30 meter leve ls .  For those  wind direct ions 8, in  

the  ranges  180'4 - 0 < 240' and  

roughness  length is 0 .23  m; for those  wind d i rec t ions  in  the ranges  

150'C - 8 e 180' and 240' 5 9 < 300' , the  roughness  length has  the va lues  

0 .51  m and 0 .65  m ,  respect ively.  

O o <  - 0 4 150' , 300°<  - 8 Q 360°, the 

. I 
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- C, Numerical Analysis 

To eva lua te  the  integral  of E q .  5 it is expedient  t o  adopt a simple 

l inear interpolation between adjacent  heights  in  both the ver t ical  and 

t i m e  dimensions.  Eq.  5 then becomes 

u'(t+At) - uqt-At) 3, - w ' ( z r t )  = w ' ( z , , t )  + (E) [[ U 

- - ~ ' ( t - A t )  
U 

where w ' (z  , t )  is the  ver t ical  f luctuating wind veloci ty  measured a t  z 

height ,  z is the  a'djacent height ,  Az is the  height increment, u ' ( t )  

is the  longitudinal f luctuating wind veloci ty  measured a t  height z (or z . )  

for ins tan t  t , bt is the  t i m e  increment between measurements,  and ii 

is the  s teady  wind veloci ty  at height z (or z . )  . 

Since a t  ground level  the  s teady  and fluctuating wind velocity 

i 

1 

1 

components a re  zero  (i..e. , a t  z = 0 ,  u = u '  = w' = 0 )  (6 )  c a n  be gen- 

e ra l ized  t o  

(7) w ' ( z , t )  = (&) 1 (Azi + AZ i+l 
i= 1 

1 [,.,,+At) u'(t-At) 

i 

D. Results 

T i m e  and length s c a l e s  of turbulent motion tha t  se rve  t o  transport  

propert ies  are qui te  large,  of ten of t he  same order a s  time and length of 
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scales character iz ing the  dis t r ibut ion of properties being transported.  

Hence ,  before Eq. 6 can be solved s u c c e s s f u l l y ,  appropriate time and 

length s c a l e s  must be determined. 

A s  previously noted,  tower measurements a re  recorded every 

1/10 second on high resolut ion magnetic tape.  

interval of t i m e  over which t h e  averar;ing process m u s t  be performed 

To determine a suff ic ient  

while  calculat ing the mean dis t r ibut ion of properties , the  mean wind 

s p e e d ,  u , was ca lcu la ted  for var ious time periods.  Mean wind speed  

w a s  ca lcu la ted  for T of 6 0 ,  120 and 300 seconds  duration using mea- 

surement da t a  from the  18 meter leve l  tha t  w a s  averaged for e a c h  one 

second increment. 

s econds  duration using measurement da t a  from the  18 meter l eve l  tha t  

were averaged for e a c h  10 second increment ,  and then for e a c h  30 

second increment. Final ly ,  mean wind speed  w a s  ca lcu la ted  for T of 

600  seconds  duration using measurement da t a  averaged for e a c h  10 

second increment. 

- 

Mean wind speed  w a s  then  ca lcu la ted  for T of 300 

The r e s u l t s  of t h e s e  ca l cu la t ions  a r e  given in  Fig. 3. 

Since data were ava i l ab le  from only one tower loca t ion ,  s p a c i a l  

information could be obtained in only one dimension.  Under cer ta in  con- 

d i t i o n s ,  the  Taylor hypothesis  a l lows  the  u s e  of d a t a  from only one loca-  

t ion t o  be  used  for spac ia l  a n a l y s e s  by doing the  a n a l y s e s  i n  t h e  t i m e  

domain. 

wi l l  not have time t o  change  a s  i t  i s  being convected p a s t  t he  tower. 

Basical ly ,  if the  mean wind speed  i s  high enough,  the  turbulence 

Panofsky, et a l .  , (1958) found tha t  Taylor 's  hypothes is  is val id  c l o s e  
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to the ground for lag d i s t a n c e s  up to 90 meters and leve ls  of 

( u ' ) ~ / G ~  N 1/9 and  smaller.  
- 

These Taylor hypothesis  cri teria a r e  shown 
I 

in  Fig. 4 for the various t i m e  periods. 

The recorded d a t a  is averaged to e l iminate  the higher orders  of 

f luctuat ions because  the  Taylor hypothesis  is only a f i rs t  approximation 

for the  velocity as a ~ h k .  

which the  data is averaged ,  o r  the t i m e  period used  for determining the 

mean wind speed ,  has  no s ignif icant  effect on  the  acu ta l  mean wind 

speed.  

Taylor's hypothesis ,  a s  s e e n  in  Fig. 4. 

t he  cr i ter ia .  

Fig. 3 indicates iiiat the increment over  

This ,  however,  is not true for the  condi t ions necessa ry  to satisfy 

In fact, a dilemma a r i s e s  from 

For mean wind speed  as  indica ted ,  da ta  averaged a t  increments 

of 10 or 30 seconds  would not satisfy the 90 meter lag d i s t ance  cri terion. 

However, it was  la ter  discovered tha t  the  approximate method for eva l -  

uating the integral  in  E q .  5 w a s  sens i t i ve  to the  increment of da t a  used .  

The dilemma w a s  circumvented by using data averaged a t  10 second 

increments to evaluate  the  integral  a t  1 second increments .  

After programming E q .  7 ,  Eqs.  1 and  2 were programmed for solut ion 

by a d ig i ta l  computer (see computer program FORTRAN l is t ing a t  the  end of 

th i s  paper) ,  and the mean wind veloci ty  profiles were determined for two 

t e s t s  of 600 seconds  in  durat ion,  occurring a t  1603 hours on 2 June 1967 

and  1927 hours on 11 June 1968. 

shown i n  Fig. 5. 

The mean wind velocity profiles a r e  

8 
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The mean wind veloci ty  profiles a re  used t o  determine the  profile 

of t h e  longitudinal veloci ty  f luctuat ions for any  time interval.  Then the  

ver t ica l  velocity f luctuat ions a re  found from E q .  7.  The friction ve loc i ty ,  

ca lcu la ted  from both Eqs. 1 and 2 ,  is shown i n  Fig. 6 .  The curves ca l -  

culated from the two equat ions diverge a s  z -+ 0 because  ln(z/z,) + 0 l 

- 
as  z -+ z o  , and u'w! + 0 , a s  z + 0.  

The von Kgrmgn cons t an t ,  k , c a n  be determined for the boundary 

layer by elimination between E q s .  1 and 2 .  

Fig. 7. 

i 
I This  cons tan t  is shown in  

E. Conclusions 

Fig. 5 confirms the  Monin-Obukhov similari ty hypothesis  , i. e. 

i- ln(z/zO) ; but Fig. 6 strongly ind ica tes  the  bas i c  assumption tha t  

friction velocity is cons tan t  with height ,  and is not valid in  the  lower 

regions of t h e  boundary layer.  

Kirrnin constant  is not a cons tan t  a t  a l l  in  t h e s e  lower reg ions ,  but in -  

s tead  is a function of height. A s  height i nc reases  and wind conditions ' 

approach those  of the free s t ream,  both t h e  f r ic t ion veloci ty  and the  von 

K&ma)n constant  tend t o  become independent of height , but the  cons tan t  

k obtains a value much different  from the convent ional  0 .4  value (Fig 7 

shows tha t  for our wind d a t a ,  

Moreover, Fig. 7 shows that  the von 

k approaches a va lue  between 0.08 and. 0. .1). 

We c a n  assume then tha t  e i ther  t h e  loca l  s t r e s s  in  terms of the  

mean  distributions i s  not in general  descr ibed by loca l  condi t ions ( i .  e. 

E q s .  1 and 4 are  inval id) ,  or the b a s i c  assumpt ions  regarding our boundary 
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layer simulation m u s t  be revised.  

val idi ty  of Eq. 4, data  from a paper by Dyer (1968)  w a s  used  t o  make 

independent calculat ions of the friction velocity and von Ka/rmgn cons tan t .  

This da t a  , measdred a t  two tower locat ions separated by 2 0 0  meters , 

represents  a n  average of measurements for each  30 minute duration (which 

puts  a s t ra in  on-the val idi ty  of E q .  3 ) .  

a re  shown in  Fig. 7. 

In order to eliminate the  ques t ion  of 

The r e su l t s  of t hese  ca lcu la t ions  

The resu l t s  of the  ca lcu la t ions  from the Dyer da t a  somewhat con- 

firm the  resu l t s  obtained from the  NASA da ta .  

c lude that  the  bas ic  assumpt ions  underlying the c l a s s i c a l  meteorological 

boundary layer simulation must be re-examined. 

Hence ,  w e  c a n  only con- 

F. Suggestions For Future Work 

Due to  the above findings it is sugges ted  tha t  the bas i c  assump- 

t ions underlying meteorological boundary layer simulation be c lose ly  re-  

examined. 

1. 

2. 

3. 

The following sugges t ions  should be considered:  

A larger quant i ty  of ava i lab le  NASA d a t a  should be  

analyzed; 

Since the von Kgrmdn cons t an t ,  a s  a n  intui t ive con-  

cept ,  is predicated a l s o  upon the  s imulat ion of hea t  

f lux,  the assumption of neutral  s tab i l i ty  should be 

reconsidered and  the hea t  f lux s i tua t ion  examined: 

The assumption regarding the  def ini t ion of a friction 

‘ I  

. ’ 
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I 
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4. 

5. 

veloci ty  should be examined: 

An experiment should be devised  whereby the  ver t ica l  

wind ve loc i ty  c a n  be measured; 

Final ly ,  a model of the boundary layer reflecting the  

fact tha t  turbulence is a three-dimensional phenom- 

enon should be developed. 

In the  opinion of one of the authors  (Goldman) a n  al ternat ive 

approach t o  defining u+ in terms of immediate pas t  history is t o  u s e  the  

+ 
average  sys tem veloci ty ,  c , t o  convert the  time variable tower da ta  to 

s p a c e  variable data .  

Previously w e  used the  G. L. Taylor hypothes is ,  which is b e s t  for 

turbulence condi t ions where processes  are ent i re ly  s tochas t ic .  However , 

w e  have here some determinism, namely, the  radar measured motion of the 

sys tem caus ing  t h e  outflow. Therefore we c a n  test, using tha t  ve loc i ty ,  

t o  see if we  can compute the  profile. 

As w a s  done before ,  w e  def ine 

From t h e  equat ion of continuity 

where  u '  is the  perturbed radial  component of t he  veloci ty  in  the  polar 
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co-ordinates  system of the numerical model, r i s  the r ad ius ,  and w '  

is a s  defined above. Since the  average indicated by the overbar i n  E q .  8 

is taken over the ent i re  layer and the  surface z,, is where u '  = 0 , then 

br br 

Now, we a s s u m e  

I 

where u '  is measured a t  the  tower. The averaging interval is determined 

by the  time period over which the  calculated echo  veloci ty  c 
3 

is valid.  

Using 10 minute averages  with sys tems moving a t  15 m sec-' 

r e su l t s  in defined perturbations l e s s  than 9 km in  length. Th i s  is the 

Length, found in one c a s e  s tudy ,  which ex tends  through the  mixing zone 

from the warm to cold air .  
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5. NUMERICAL MODEL O F  OUTFLOW 

Joseph L. Goldman, Sam B. Rosenberg and Frances Miller 

When applying Goldman's (1968) model of airflow t o  the  cold out- 

flow layer of t h e  thunderstorm, the curving displacement  of the downdraft 

with height and i t s  change in shape  become important. A s  w a s  explained 

in the derivation of cold a i r  outflow (CAOF) layer (Goldman and Freeman, 

1966; Goldman, 1967 and 1968) the cold a i r  or iginates  on the  wake s ide  

of the storm i n  the  dry a i r  inflow (DAIF) layer ,  which i s  located in middle 

leve ls  above the warm a i r  inflow (WAIF) layer. 

the DAIF a i r  mixes with nearly saturated cloud a i r ,  on the  wake s i d e  of 

the storm, while ra in  fa l l s  through t h e  mixed air .  

o ra t e s ,  which cools the mixed a i r  and makes it negatively buoyant. 

ra in  cooled air acce le ra t e s  downward from its origin near the  cloud edge 

and fa l l s  through upward acce lera t ing  WAIF a i r  that  is converging toward 

the storm center.  The two effects on the  cold downdraft caused  by flow 

interaction a r e  a sp i ra l  path and a constr ic t ion of the  tube of cold a i r  a s  

i t  is drawn toward the center  of t h e  storm. 

Cold a i r  is produced when 

Some of t h e  ra in  evap-  

This  

L i m i t s  on the  orientation of the sp i ra l  with r e spec t  t o  the  storm center  

a re  determined by t h e  orientation.of the WAIF which is a function of storm 

motion and ambient warm moist a i r  flow. The degree  of the  sp i ra l  and the  

amount of constr ic t ion a re  a function of convergence of the  WAIF within 

the radius  of cloud boundary. Computer inputs  t o  control these e f f e c t s  

I 
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a r e  implicit in the  motion and intensi ty  of t h e  radar e c h o  of the storm when 

combined with rel iable  ambient wind information for  the  WAIF layer. Al- 

though the  s t a t e  of the  a r t  d o e s  not contain spec i f ic  numbers, es t imates  

cons i s t en t  with other knowns of the  problem c a n  be  made tha t  wi l l  be  

corrected empirically. 

A. Computer Program 

A master program sequences  among the  various subprograms, e a c h  

of which performs a major phase  of the  calculat ions:  v i z ,  computation of 

t he  sp i ra l  equation which represents  the  location and shape  of the source 

of cold air and the CAOF as  a function of a l t i tude  z ; calculat ion of the  

ve loc i ty  potential  cp and the  stream function $I in any  specif ied region 

of space:  and computation of u and u8 , the  rad ia l  and t ransverse 

components of wind ve loc i ty  in t h e  s a m e  region of space .  

r r 

In order t o  effect a precise  correlation among the  various compu- 

ta t ions  a n  underlying polar co-ordinate system (r, e )  h a s  been developed. 

The origin may be arbi t rar i ly  des igna ted ,  but for a c t u a l  computations the  

launch site has been used.  The polar axis is horizontal  t o  the right and 

8 is measured counterclockwise.  

B. The Spiral  Equation for the  CAOF 

The equation representing the  CAOF sp i r a l  h a s  been developed in 

terms of co-ordinates re la t ive t o  the  center  of the  storm. 

projection of the sp i ra l  on t h e  z = 0 plane (see Fig. l ) ,  where: 

Consider the 
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- i s  the storm's t rans la t iona l  velocity.  Vt 
d 

(Fl , 8 1) - is the post t ion of the  CAOF at  a l t i tude  z1  , re la t ive  to 

the c e n t e r  of the storm C. 

(Fo,go) - is the  posi t ion of the CAOF a t  a l t i tude  z c z1  , rela- 
0 

t tve  to  the cen te r  of the  storm. 

i s  the  posi t ion of the  CAOF a t  a l t i tude  z = 0 , where 

8 i s  the  direct ion of the  Warm Air In  Flow (WAIF). 
W 

The  spiral  equation: 

c 
a$- e w )  

+ r  + r =  0 - b  W 

with 7 and  7 re la t ive  to the  cen te r  of the  s torm,  w a s  forced to  p a s s  

through the  three above  known points (see Fig. 8 )  by solving for the 

parameters a and  b. 

z 
A linear f ract ional  transformation w a s  developed t o  expres s  0 as  

a function of z . 
CAOF at the  al t i tude z c a n  be ca lcu la ted  re la t ive  t o  the  cen te r  of the 

storm . 

Thus ,  g iven  a particular a l t i t u d e ,  the locat ion of the  

Given: 

0 - t he  ang le  from the polar a x i s  a t  the  launch site t o  the  

c e n t e r  of the  storm, 

S 

0 - t he  ang le  which V makes  with a polar a x i s  pas s ing  t t V 

through t h e  cen te r  of the  storm and  para l le l  to the  o n e  

a t  the launch s i t e ,  

the  d i s t ance  from the  launch to the  c e n t e r  of the  s torm,  r -  
S 

. 
I 

I 
I 
I 

, 

I 

. '  
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F i g .  8. G r a o h  of  a s p i r a l  f o r  C A O F .  

t 
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a transformation of co-ordinates w a s  devised  t o  expres s  the  location of 

the  CAOF a s  r r  (2) , o c  , ( z )  1 , re lat ive to  the launch site. 
L C  J 

C, The VeIocity’Potential cp and the Stream Function Jr 

T h e  complex potentia1 of t h e  motion of the fluid i s  defined as: 

W = c p + i $  
C 

For a source of s t rength m at the  point Zo (2) and a uniform stream 

with veloci ty  V , ‘addition of the corresponding complex potent ia ls  gives:  t 

36 

r 1 
W = - m  hi Z - Z o ( z ) ~  - V t Z  
C L 

( 3 )  

1 where Z = x + i y .  

Transforming to polar coordinates  with origin a t  the launch s i t e  

and  equating the r ea l  and  Imaginary par ts  of Wc to  cp and $ , respec-  

t ive ly ,  yields:  

- v p cos 0 t 

(r  e r  I z )  = -my - V P. s i n e  
t (5) 

where: 

A complete derivation of potent ia l  flow using the  above  notation is given 1 

by Milne-Thomson ( 1950). 

. 

. 



p = [r" + r2 - 2rr c o s ( 8  - 0 1 '/2 
S S S r i  

e = 8 - - 8 + arc c o s  [ ( p 2  + rz - r2)/2prs 3 
t S V 

A. s in  6 - r sin 0 
pcos e - r c o s  5 U y = arc tan 

The source s t rength m is expressed  as a function of z . The 

ver t ica l  wind veloci ty  w by 

(Z - Zm)' -r2/2o2(2) e 
Z 2  m 

w = - w  (2 ) m m  

where w (z ) is the  maxirnurn vertical  ve lec i ty  occurring a t  t h e  fixed 

a l t i tude  z and u ( z )  is the  standard deviat ion of t h e  normal d is t r i -  

bution specifying the  dis t r ibut ion of w a t  a l t i tude  z . Note: Q ( z )  is 

assumed to  be linear: Q ( z )  = Qz + s . 

m m  

m '  

The continuity equation: 

is then integrated with r e spec t  t o  r from 0 t o  R 

rad ius  a t  which a l l  flow becomes horizontal2. 

, where R 1  is the 1 

Since m = R - V  ( R  ) , th i s  yields:  
1 r  1 

2 A complete derivation of the mathematical formulation can  be found in 
Goldman (1968). Specific de t a i l s  and phys ica l  interpretation i s  given 
in Goldman and Freeman (1966) and  Goldman (1967).  
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D.. Results 

Plots of Jr have been produced a t  various a l t i tudes  z , ranging 

from z = 30 to  z = 1500 meters a t  different va lues  of the source s t rength ,  

m . 
t h e  launch site. In addi t ion,  both O v  , the  direct ion in  which the storm 

is moving, and Vt , the  storm ve loc i ty ,  have been  varied to  simulate the 

effects of storms approaching or leaving both the  a rea  and the launch site. 

Values of cp and JI a r e  being produced over a specif ied region for 

These plots extend from 100 meters to 120 kilometers in  d i s t ance  from 

t 

subsequent  manual plotting and contouring. 

through the input parameters: 

This region is des igna ted  

z -  a l t i t ude ,  

R -  init ial  rad ius ,  
i 

f inal  r ad ius ,  Rf - 
BR - rad ia 1 increment , 

8 -  ini t ia l  a n g l e ,  
i 

f ina l  a n g l e ,  and  O f  - 
a0 - angular increment for the  computation. 
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Al l  radi i  and ang le s  a r e  measured from the origin a t  the  launch site. 

Thus it i s  poss ib le  to  obtain both horizontal  ( z  = cons tan t )  and 

ver t ica l  (r = cons tan t )  prof i les  of cp and J, . For a n  i l lustrat ive example 

of a computed horizontal  profile of JI see Fig. 9. 

A three-dimensional plexiglass  model of t h e  s t reamlines  h a s  been 

constructed.  The projected goal  of th i s  computer program is t o  produce 

p lo ts  printed in  the  form of maps. 

E. Future Work 

When the radial  and t ransverse components of wind veloci ty  due  

t o  the source m are given by the formulas: 

then  from given formulas (4) and (5)  for  e ( r , 8  , z )  and x ( r , 8  , z ) ,  one may 

der ive  ana ly t ic  formulas for  u and u in terms of a l ready known quan- 

tities. Then u and u can  be plotted over the same region as  a re  8 

a n d  x . The components u , u a r e  to  be mapped along a chosen  rad ia l  

f r o m  the launch s i te .  T h e s e  a r e  found by transforming the  stream function, 

x , from a n  origin at the  storm center ,  t o  a n  origin a t  the  launch site. 

r r 

r r e 

'r r 

r 0. r 

The layer from the  ground ( z  = 0) t o  z o  = 30 m has  purposely been 

l e f t  out of the present  program while we  a r e  awaiting resu l t s  of the  theoret ical  
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F i g .  9 P l o t  o f  s t r e a m  f u n c t i o n  $ f o r  c o n s t a n t  v a l u e  o f  
z ,  w h e r e  V t  i s  t h e  t r a n s . l a t i o n ' v e I o c i t y  o f  t h e  s t o r m .  

. 
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study that  wi l l  permit the  u s e  of immediate p a s t  history t o  determine 

t h e  friction effected velocity.  

wi l l  be combined into another  subprogram, which wil l  a l low u s  the  freedom 

of using ei ther  it or subst i tut ing other programs tha t  may be developed. 

The equat ions for the  layer 0 5 z 5 30 m 

The inclusion of t h e  boundary layer in  the f inal  program wil l  be in 

t h e  form of matching equat ions for the log profile and outflow profile t ha t  

wi l l  be solved fo r  the height and magnitude of the maximum velocity.  

While th i s  is a sophis t ica ted  process  to  ge t  the  desired output,  i t  i s  be- 

lieved tha t  it wil l  b e s t  se rve  when we  a re  faced with t h e  real-time fore- 

ca s t ing  problem. 

F. Forecasting with the  Model 

For forecast ing the  wind profile of a storm moving in the vicini ty  

of the  launch site, the  desired computer output wil l  be a wind profile a t  

the s i t e  tha t  changes with t i m e .  This des i r e  w a s  ant ic ipated s ince  the  

u and u components c a n  be  chosen  for comparison of a radial  from 

the launch s i t e  that  para l le l s  the  motion of the  storm. 

s torm's  motion with time wil l  be represented by a change in radial  with 

t i m e ,  so  that  the f inal  computer output wil l  be a wind profile with fore- 

c a s t e d  changes  to  occur at  the  s i te .  

r r e 
The change in the  

The geometric problem having been so lved ,  th i s  l eaves  the ever  

present  problem of forecasting t h e  storm motion, Vt , that  has  purposely 

been  kept a n  input parameter because  of inherent difficult ies:  a " s t a t e  
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of the  art" does not exist for forecast ing individual thunderstorm motion 

on  a routine bas i s .  

s ensa t iona l  and anomalous motionc tha t  have  been observed with seve re  

s torms of the  Great Plains.  

ined recent ly  particularly for atmospheric var iables  sl ich as hail  (Gerrlsh 

and  Hi se r ,  1965). 

work of the Thunderstorm Project (Byers and Braham, 1949). If a t tent ion 

is given t o  their  conclusions regarding the  motion or storms ignoring the  

explanat ion of momentum exchange  given for the motion, it c a n  be con- 

cluded tha t  storms a r e  influenced by the  environmental  winds i n  which 

they are imbedded. 

motion is a subjec t  of intensive theoret ical  considerat ion based  on recent  

observat ions and measurements of the  Great Plains  Severe Storm (Goldman, 

1967; Darkow, 1969; Sasak i  and Syono,  1966) ,  which wil l  eventual ly  be  

appl icable  to a l l  thunderstorms including Florida thunderstorms. 

Extensive research  and s tudy  h a s  shifted to the  more 

The thunderstorms of Florida have been  exam- 

Data on their  motion.however,  s t e m s  from the ear ly  

The manner by which the environmental  winds affect 

Since most of the present  theories  a r e  based  on knowledge of the  

environmental wind field throughout the  depth  of the storm, problems of 

adequate  resolut ion in  measurement of the atmosphere e spec ia l ly  in  the  

upper a i r  wi l l  need solving. 

approached in  a pragmatic fash ion  by taking what  information w e  have at 

hand and us ing  it i n  the most e f fec t ive  manner. The tool  t ha t  is ava i lab le  

is radar ,  a n d ,  of n e c e s s i t y ,  w e  re ly  on radar  to provide the  needed motion 

da ta  . 

The forecast ing problem however,  c a n  be 
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Intensi ty  of the  radar echo  is a l s o  useful t o  determine the  intensi ty  of 

t he  system. From radar information given on a near continuous sampling 

interval  (usua l ly  e a c h  2 0  s e c o n d s ) ,  a history of the radar de tec tab le  

storm is ava i lab le  and c a n  be projected in  space  and time to  provide the 

necessa ry  axis along which the  ver t ical  wind profile is forecas t  t o  occur. 

T h e  method of projecting t h e  radar  data  forward i n  s p a c e  and t i m e  has  

I 

I .  

not been  developed suff ic ient ly  for inclusion into t h e  present  numerical 

scheme.  Present c a s e  s tud ies  a r e  being used to  der ive empirical  evi-  

d e n c e  of local  storm motion charac te r i s t ics .  The combined r e su l t s  of 

t h e s e  empirical  s tud ies  wi l l  be incorporated in the numerical scheme.  
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6. EMPIRICAL OUTFLOW STUDIES 

Joseph L. Goldman and Peter W. Sloss 

I n  t h i s  s tudy  of t h e  structure of the  c o l d  air outflow from thunder- 

storm cells, par t tcular  a t tent ion i s  paid to the  dimensions and  t h e  s p e e d  

of movement of the  leading edge  of t h e  co ld  air. T h e  boundary between 

environmental  warm air and  thunderstorm cold  air is considered not 

a sharply defined surface but a zone in which there  are s t eep  gradients  

of wind and  temperature. Deta i l s  of t h e  wind and  temperature ln t h e  co ld  

air, in the  warm air near  t h e  boundary of outflow, and  in t h e  boundary 

zone  Itself, indicate  smaller s c a l e s  of var ia t ion than  are usua l ly  con- 

s idered  in  mesoscale, 

Data  sources for t h i s  study were radar  s t a t ions  at Daytona Beach 

(DAB) and Patrick AFB (COF), NASA's 150-meter meteorological tower 

(Ficht l ,  1968, also Kaufman and  Keene, 1968) ,  and  smaller towers of the  

Ai r  Force "WIND" mesonetwork. Radar data c o n s i s t  mainly of photographs 

of the  WSR-57 PPI scope  at DAB, with about  f ive minutes between frames. 

COF radar p i c tu re s ,  used mostly for ver i f icat ion,  are Polaroid photos of t h e  

CPS-9 PPI t aken  at about  15 minute intervals .  T h e  ranges  covered by the  

DAB and  COF radars  were 250  naut ical  and 7 5  s t a tu t e  mi les ,  respect ively.  

T h e  primary source of wind da ta  for th i s  s tudy  was  NASA's 150- 

meter meteorological tower at Cape  Kennedy, Florida. T i m e  resolut ion 

of d a t a  from the  tower is up to t e n  da ta  points per second for wind speed  

a n d  direct ion at each  of s even  measuring l e v e l s  on t h e  tower. Recordings 
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o n  t h i s  t i m e  scale were made intermittently,  while ana log  s t r ip  cha r t s  

r an  cont inuously over a period of seve ra l  months. . 
The analog s t r ip  cha r t s  may be  interpreted on  a minimum m e a -  

surement interval of about  two independent da ta  points  per  minute’ (about  

0 .5  minutes apart). Analog wind records are cons idered  to be readable  

to the  nea res t  one m sec-’ tn speed  and  f ive  degrees  in direction. The 

width of the ink l lne  on the  cha r t s  precludes resolut ion grea te r  than 30  

seconds .  

to such  a i f f icu l t ies ,  but the  lack  of these da ta  in a convenient  form at 

t h e  t ime t h l s  report w a s  prepared hindered detai led a n a l y s e s .  

The one-tenth-second da ta  are fully digi t ized and  not sub jec t  

The  WIND mesonetwork da ta  are only 30  minute a v e r a g e s ,  so 

much of the  detai l  in the  t rue wind f ie ld  i s  smoothed. 

in the  30 minute per iod,  may move a d i s t ance  severa l  t i m e s  greater than  

the  spac ing  of the WIND towers .  

a g a i n s t  interpreting the  WIND data  as  being more than  a qual i ta t ive in- 

T h e  wind shif t  l i ne ,  

Caut ion must therefore be  exerc ised  

dicat ion of the  posit ion of the  wind sh i f t  l ine.  

A. Data  and  Analysis 

The ana lys i s  p rocess  c o n s i s t s  of four pr incipal  ac t iv i t ies :  

a .  identification of a wind sh i f t  at t h e  150-meter tower,  

b. determination of the  locat ion and  motion of the  re la ted  

radar  echo , 

t ime-to-space convers ion  of tower data,  using e c h o  

ve loc i ty ,  and  t ime-sect ion plott ing of i so t achs  , 

c. 

C 
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i so therms,  and  i sogons  , and 

d. combination of tower data with WIND network data for 

three-dimensional ana lys i s .  

Analysis of e a c h  storm begins with identification of a s h i f t  in 

wind direction accompanied by a n  increase  in wind s p e e d ,  as recorded 

o n  t h e  ana log  strip cha r t s .  The radar picture for t h a t  t i m e  is then  ex- 

amined to determine t h e  poslt ion of t h e  e c h o  nea res t  t h e  tower,  and  t h e  

movement of tha t  echo  is measured from s u c c e s s i v e  frames of the  radar 

f i lm.  T h e  point and  averaged data for t h e  wind sh i f t  period des igna ted  

o n  t h e  ana log  s t r ip  c h a r t s  are plotted on t ime-sections.  

(where ava i lab le)  from the  0. 1-second digital  output are plotted and 

examined on  t ime-sections.  Temperature da ta  are plotted on t h e  t i m e -  

s e c t i o n s  of 0.5 minute ana log  wtnd measurements. T h e  t i m e  record of 

winds  from t h e  tower are then  converted into a spatial representation by 

assuming the  thunderstorm outflow wind field to be quas i - s teady  and  

moving with t h e  ve loc i ty  of t h e  echo  (Fujita,  1963). T h e  converted 

tower da ta  are then  plotted o n  a map along a l i ne  through t h e  150-meter 

tower and  parallel  to the  echo velocity vector. T n i s  i ine  of time-to- 

space converted da t a  is then  combined with mesonetwork data for further 

spatial definition. The combination of t h i s  "surface" of da ta  with the  

WIND network da ta  produces a three-dimensional representation of the  

wind field in and  around a n  outflow front. 

Spot da ta  

Precipitation and  pressure measurements are two pieces of 
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information missing from t h e  a n a l y s i s  scheme.  

ava i l ab le  to u s ,  and €he weekly pressure  cha r t s  do not show a f ine  enough 

scale for our purposes.  

da ta  from loca t ions  near  t he  KMT tower may b e  remedied in t h e  future.  

N o  ra in  gage d a t a  were 

I t  i s  hoped that the  unfortunatk lack  of rain gage  

Temperature d a t a  f rom t h e  tower and t h e  mesonetwork were smoothed,  

which made the matching of tower temperatures with network temperatures 

difficult .  Horizontal temperature dis t r ibut ion is theref0r.e not S ~ O L Y I ? .  

E .  C:ase Studies  

T h e  four storms d i s c u s s e d  here occurred o n  2 June a n d  1 7 ,  18 ,  

and  27  July 1967 .  Digi ta l  (0 .  l -second)  da t a  are ava i l ab le  for the  

f i rs t  and  last cases.  W e  s h a l l  consider  the  storm of 18 July in g r e a t e s t  

de ta i l  b e c a u s e  of the comple teness  of r ada r ,  mesonet ,  and  analog tower 

da ta  on  tha t  day. A complete  summary of a l l  da t a  used  appea r s  in Table I .  

The radar e c h o  pa t te rn  for 1 5 3 0  EST, 18 July 1967, i s  shown in 

Fig.  10. The location of t h e  tower i s  indicated and  t h e  e c h o  c e l l ,  a s sumed  

to be the  source of the  c o l d  outflow measured a t  t h e  meteorological t ower ,  

i s  heavily outlined and shaded  in t h e  drawing. 

from 2 3 0  degrees  a t  18 knots .  

Motion of t h i s  e c h o  i s  

The winds pas s ing  t h e  tower near t h e  t ime of the  wind sh i f t  were 

read  from t h e  analog records  and  plotted in a t ime cross s e c t i o n ,  a n d  

i so t achs  a n d  isogons were drawn,  a s  in Fig. 11. 

Fig. 12 is the  combined d i sp lay  of one-minute wind a v e r a g e s  from 
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A L+ /) I8July l*6? 

I830 EST 
DAB R d w  Echo __ - ~ 

e l o w  

CAPE KENNEDY REGION 

. 

. 

F i g . 1 0  R a d a r  e c h o  c e l  I n e a t e s t  t t l e  1 5 n - m e t e r -  
m e t e o r o l o g i c a l  t o w e r  a s  s h o w n  b y  r l a v t o n a  B e a c h  
( D A B )  r a d a r .  E c h o  t o p 5  w e r e  n e a r  3 1  K i n  t h i s  
c e l l .  ( O t h e r  e c h o e s  h a v e  b e e n  d e l e t e d  f o r  s i m -  
p l i c i t y . )  V o v e m e n t  o f  t h e  c e l l  was  f r o m  2 3 0  
d e g r e e s  a t  18 k t ;  t h e  s l a n t  o f  t h e  h a t c h i n g  o n  
t h e  e c h o  i n d i c ' a t e s  t h a t  d i r e c t i o n .  
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Fig. 1 1  Isotachs (dark-solid), isogons (light- 
solid) a n d  isotherms (lioht-dashed) f o r  storm 
o f  18 J u l y  1967. Heavy broken line is absolute 
w i n d  speed minimum. 

5 3  



F i g . 1 2  D e t a i l  o f  t h e  K e n n e d y  S p a c e  C e n t e r  n e a r  
t h e  1 5 0 - m e t e r  t o w e r  ( h e a v y  v e r t i c a l  l i n e )  s h o w -  
i n g  p a r t  o f  t h e  " W I N D "  m e s o n e t w o r k  ( s h o r t e r  t o w e r  
symbols). T h e  s l a n t i n g  g r i d  c o n t a i n s  w i n d  f l a g ?  
f o r  o n e  m i n u t e  a v e r a a e s  o f  t o w e r  a n a l o g  d a t a ;  
v e r t i c a l  g r i d  l i n e s  a r e  f i v e  m i n u t e s  a p a r t  a n d  
r e p r e s e n t  a h e i g h t  o f  150  m e t e r s .  T h e  " W I N D "  
t o w e r s  r e p o r t  30 m i n u t e  a v e r a g e s .  



. 

t he  analog da ta  (with t ime-to-space convers ion  plotted as  wind f l ags  

on t h e  s lant ing gr id)  and  the mesonetwork wind data (p lo t ted  on a n  

oblique-projection map of C a p e  Kennedy). The map project ion w a s  

drawn so  as  to preserve paral le l  l i nes  on  t h e  ground. O n  the  map t h e  

meteorological tower and  the  mesonetwork s t a t ions  are loca ted  with a 

ver t ica l  scale exaggerat ion of about 50: 1,  so tha t  t h e  ve r t i ca l  distribu- 

t ion of t h e  wind f ie ld  may b e  s e e n  clear ly .  

Fig. 13  is a plot  of t h e  cont inuous temperature records  for each  

l e v e l  on the  150-meter tower.  

accompanies  t h e  first wind speed  maximum after the  wind shift .  

isotherms displaying t h i s  temperature drop are shown a s  t h e  l ight  dashed  

l ines  in Fig. 11. 

The sharp  drop in temperature at all l eve l s  

T h e  

The  da ta  from the  18 July storm show strong ev idence  tha t  t he  

cold air is near ly  isothermal in t h e  lowes t  150 meters ,  having a ver t ica l  

l a p s e  rate of about 0. 5 F per  150 meters (Fig. 11 ). There is a horizontal 

temperature  difference of 6 F f rom the warm a i r  pas s ing  t h e  tower a t  1515 

EST and  the  co ld  outflow a i r  passing the  tower  at 1521.  At 1517 there is 

a maximum horizontal  temperature gradient  of ncariy 1 F in 150 meters. 

The  s t e e p n e s s  of t h e  temperature drop,  as  shown in Fig.13, i s  maintained 

on ly  over  a short  interval near  the forward edge  of t h e  advancing co ld  air. 

The  isotherms in  Fig. 11 show that  t he  cool ing f rom t h e  leading edge  of the  

cold a i r  ex tends  fa r thes t  downstream at the  highest  tower level .  There is 

a n  extreme forward t i l t  of the  8 2  F isotherm not s e e n  in the cooler  isotherms 
a 

55 



. 

. 

l5Om 

I5 ISEST 1510 1530 1521 1520 
T I M E  

F i g . 1 3  T e m p e r a t u r e  p r o f i l e  m e a s u r e d  a t  t h e  150- 
m e t e r  t o w e r  d u r i n g  p a s s a g e  o f  t h e  cold a i r  o u t f l o w .  
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behind i t ,  but  a l l  i sotherms d o  s lant  downstream a s  they extend up- 

ward. 

Fig. 11 indica tes  a sharp  velocity gradient  jus t ' ahead  of the  edge  

of the  co ld  a i r ,  but  i t  appea r s  that  t h e  gradient  there  i s  produced as  the 

co ld  a i r  pushes  the  warm a i r  out  of t h e  way. 

Fig. 11 marks the  minimum in  wind speed  j u s t  ahead  of the  co ld  a i r  where 

the  flow c h a n g e s  f rom warm ambient condi t ions  to cold.  storm outflow. 

The fact tha t  the temperature drop l a g s  over  1 km behind the  change  in 

t h e  flow pattern may be indicative of mixing at the  leading edge  which 

c a u s e s  t h e  maximum temperature gradient  to move farther back into the  

cold air .  

h e n c e ,  t h e  temperature gradient  should be g r e a t e s t  where t h e  veloci ty  

gradient  i s  t he  least. 

The heavy broken l ine in 

The mixing i s  g rea t e s t  where the  veloci ty  gradient i s  g rea tes t ;  

Change  of wind direct ion before increase  in speed  has been noted 

previously (cf. Fig. 46 in Byers and  Braham, 1949) ,  from da ta  f r o m  a multi- 

l e v e l  meteorological tower. The observa t ions  presented here conta in  much 

more de ta i l  of t h e  horizontal  and  ver t ica l  s t ructure  of t h e  outflow near t he  

ground. I n  par t icular ,  we c a n  see tha t  wind direct ion change  k y i i l s  in 

warm air and wind speed  increase occurs  in co ld  air .  

t h e  separat ion between t h e  direction change  a n d  the  f i r s t  wind maximum 

(which accompanies  t h e  temperature drop) is about  2 . 5  km. Another 6 

to 7 km sepa ra t e  t h e  recorded temperature minimum from the  wind maxi- 

mum. Thus ,  the  total horizontal ex ten t  of the  warm air-cold air mixing 

For our 18 July case 
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zone  must be around 7 to 9 km along the  direction of movement of the  

co ld  air. I n  the ca se  under d i scuss ion  the  t ime needed for condi t ions  

to change  from pure warm a i r  to pure co ld  outflow a i r  i s  15 minutes.  

The wind direction changed  from jus t  north of e a s t  to due north 

in about  f ive minutes. 

est  60 meters occurred while  the  wind speed  w a s  decreas ing  to i t s  ab-  

so lu te  minimum. At higher l e v e l s ,  t he  direction change  w a s  closer to 

40 degrees  before the speed  minimum. 

of direct ion is g rea t e s t  near  t h e  speed  minimum. 

S i x t y  deqrees  of the  direction change  in the  low- 

At a l l  l eve l s  t he  r a t e  of change  

The spacing of wind speed  maxima in the  region behind the out- 

flow front indicates  edd ie s  of 2 . 8  k m  on the scale and  a period between 

maxima of about 5 minutes.  

Also included in t h e  da t a  sample for t h i s  s t u d y ,  bes ide  storms on 

2 June and  17 and 27 July 1967,  w a s  the  storm of 11 June 1965. 

for the  27 July 1967 and  11 June 1968 cases a r e  ava i l ab le  to u s  a s  digi ta l  

KMT da ta  on magnetic t ape  and  on 400 foot ro l l s  of paper. Diff icul t ies  in 

using the  t a p e s  have delayed de ta i led  a n a l y s i s  of ava i l ab le  d a t a ,  but a 

limited spot-check has been  made for t h e  2 June and  27 July da ta  from the  

paper rol ls .  

but no t ime-to-space convers ion  h a s  been done b e c a u s e  t h e  radar  e c h o  

did not appear  to  move. A t ime-to-space convers ion  w a s  made for the 

1 7  July 1967 case,  but ,  due t o  some radar  malfunct ion,  it is based  on 

e c h o  movements a t  approximately 45 minutes before  the wind sh i f t  a t  t h e  

M'tncl da t a  

WIND network da ta  a re  ava i lab le  for the  27 July 1967 c a s e ,  

. , i  
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tower. We will  d i s c u s s  the  2 June a n a  17 a n d  27 July cases in chrono- 

logical  order. 

Bo th  dnalog and digi ta l  KMT wind datd drc  ava i lab le  for t h e  L June 

case. The WIND network da ta  did not begin until  14 June and  so are not 

ava i lab le ;  t he  t ime-to-space convers ion  w a s  therefore done but not plot- 

t ed  on a map. Daytona Beach radar PPI shows  a n  e c h o  cell immediately 

ad jacent  to t h e  KMT at 1058 EST (1558 GMT). Posit ion and  movement of 

the  e c h o  are indicated in Fig. 14. 

The  KMT analog  da ta  show the  wind shif t  began on 2 June about  

1550 GMT (exact de ta i l s  are masked by cal ibrat ion marks on the  s t r ip  

char t s ) :  our da ta  sample  begins  a t  1555 GMT. Wind speed  i s  plotted in 

Fig. 15 a n d  direction in  Fig. 16. T h e  i nc rease  in wind speed  l a g s  more 

than  f ive  minutes  behind the  change  in direct ion,  and  the  f i r s t  peak in 

wind s p e e d  appea r s  about  t e n  minutes after the  shift .  

It  should be noted that t h e  radar  e c h o  on 2 June w a s  moving at 

only 10 kno t s ,  or l i t t l e  more than half t he  speed  of the  18 July e c h o  ana-  

l yzed  above.  There i s  a longer  time s p a n  f r o m  wind shift  to f i r s t  speed  

peak  on 2 June,  but t h e  s p e e d  of the storm is such that the  coiiespofiding 

d i s t a n c e  between the  wind shif t  a n d  speed  maximum is nearly the  same 

for the  two storms. 

The KMT dig i ta l  data were ana lyzed  from the  printed output hut 

on ly  a spo t  average  w a s  appl ied to the d a t a ,  i .e .  , a two-second average  

a t  the  beginning of e a c h  minute. (More complete  u s e  of the  digi ta l  da ta  
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F i g .  1 5  Isotachs f r o m  2 J u n e  1 9 6 7 .  A n a l o a  
K Y T  data. 
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will  be made shortly when t h e  magnetic t a p e s  are processed  by computer. ) 

Wind s p e e d s  taken f rom the  KMT digital  printout are shown a s  i so tachs  

in Fig.17. N o t e  tha t  t he  digital  data start a t  1557 G M T ,  the  beginning 

of the  sample on  the  tape .  

A comparison of Figs.  15 and 17 shows that  the same features .ap-  

pear  in both presentat ions.  

p lo ts  of wind speed  where gradients  are large.  T h e  digital  da ta  show a 

maximum horizontal veloci ty  gradient of 8 m sec- 'min- '  in the one minute 

from 1558 to 1559 GMT 

analog  da ta  spreads  the  gradient out over two minutes with a maximum of 

6 m sec-'min-'. Vertical shea r  of veloci ty  exceeds  0.5 sec-' between 

18 and  30 meters height in the  digi ta l  data .  It i s  hoped t h a t  further pro- 

c e s s i n g  of the  magnetic t ape  wil l  revea l  other important s t ructures  in the  

flow. 

There are some differences between the  two  

while the  larger averaging period appl ied to  the 

Temperature da t a  at 3 meters height show a 9 F drop, s tar t ing a t  

1555 GMT or about f ive minutes after the  direction began t o  sh i f t .  T h e  

grad ien t  of temperature shows  the s a m e  dependence on veloci ty  gradient 

as  w a s  s e e n  in t h e  18 July d a t a ,  i . e . ,  large veloci ty  gradients  are con-  

commitant with smaller temperature gradients .  

of temperature could  be made f rom the  da ta .  

N o  ver t ical  cross sec t ion  

T h e  storm of 17 July 1967 i s  not as well  documented as  some of 

Radar da ta  are incomplete and  c e l l  movement from 2 5 0  de- t he  others. 

g r e e s  a t  20  knots i s  es t imated from pictures  taken  4 5  minutes before t h e  
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F i g .  17  I s o t a c h s  f r o m  2 J u n e  1 9 f ) 7 .  D i g i t a l  
d a t a .  
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storm passed  the  KMT. 

l ack  of proper data .  

N o  echo map has been drawn because  of the  

Qual i ta t ive features  of this  case are summarized in Fig.18, which 

shows  t h e  p a s s a g e  of the  outflow front in i so t achs  and  isotherms and  

Fig. 19,  a t ime-to-space conversion b a s e d  on the  es t imated  storm move- 

ment. 

winds (heavy wind ar rows)  a n d  the  WIND 30-minute averaged winds  

( l ighter  wind arrows) .  

Note the  dispar i ty  in Fig.19 be tween t h e  KMT l-minute analog 

' The wind sh i f t  occurred a t  1527 EST,  changing 1 2 0  deg rees  in 

two minutes. I sogons  were not plotted because the  wind direction w a s  

h ighly  var iable  during t h e  wind speed  minimum (1525-30 EST); however 

the  sh i f t  c a n  be s e e n  clearly in Fig.19. 

The  temperature s t ructure  in the  17 July case shows  s t ronger  

ver t ica l  temperature grad ien ts  than o n  18  July. 

stream s l a n t  to the  isotherms in  Fig. 18 below 30 meters. 

time-height-temperature composi te  for 3 5 minutes  of d a t a ,  s h o w s  t w o  

s t e e p  temperature grad ien ts  correspond to t h e  two peaks  in wind speed .  

There i s  a not iceable  up- 

Fig. 20,  a 

The  peak  winds fsr the  1 7  Ju!y storn? were weaker  than for t h e  

o ther  cases d i s c u s s e d  here ,  a n d  the  gradients  of veloci ty  are correspond- 

ingly less. 

about half what  w a s  measured on  the  other cases. 

Maximum wind speed  and  horizontal  a n d  ver t ica l  s h e a r s  are 

We had hoped to include a d i s c u s s i o n  of the  27 July 1967 and  

1 1  June 1968 storms, but  d e l a y s  in process ing  the  magnetic t a p e s  prevent 
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F i g .  18 I s o t a c h s  a n d  i s o t h e r m s  f o r  17 J u l y  
1 9 6 7 .  KhlT a n a l o g  d a t a .  l s o a o n s  h a v e  b e e n  
d e l e t e d  t o  a v o i d  o v e r f i  I I i n g  - t h e  p a g e .  

10 

6 6  



A- 

F i g . 1 9  T i m e - t o - s p a c e  c o n v e r s i o n  o f  1 7  J u l y  1 9 6 7 .  
KMT a n a l o g  a n d  WIND n e t w o r k  d a t a  (ba.;ed or1 e c h o  
m o v e m e n t  4 5  m i n u t e s  b e f o r e  i n d i c a t e d  t i m e ) .  hln'e 
d i c , ; ) 2 r i  t y  hctwc.cn KMT , i n ? l o n  o n c  m i n u t e  T v c r a g e s  
( d a r k  f l a g s )  a n d  WIN[)  n e t w o r h  SCI m i n u t e  n v r r a g e s  
( l i g h t  f l a g s ) .  V e r t i c a l  g r i d  l i n e s  a r e  f i v e  m i n -  
u t e s  a p a r t .  
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u s  from doing so. T h e  27  July storm, which was  s ta t ionary with strong 

outflow winds ,  should provide a measure of the  m a s s  flux of the  outflow 

without the  effect of the  storm's motion. I t  may then be poss ib le  to g o  

back to t h e  other-cases to determine the i r  mass flux and correct for the  

motions of the  storms. 

C .  Relation of the  Outflow to  Hydrodynamic Barrier Flow 

The principal finding of th i s  s tudy is tha t  there i s  a striking s i m -  

i lari ty between measured storm outflow pat terns  and the flow of fluid 

around a bluff body. This  flow is usual ly  modeled by a source of fluid 

in a uniformly moving environment. When the  thunderstorm outflow i s  

represented by t h e  source  flow and  the  sea breeze enviroiiment represent- 

ed  by the uniform stream, a streamline pat tern should be s e e n  t h a t  strongly 

resembles  the  wind pat terns  in Figs. 12 and 19. 

Hydrodynamic models usually provide for a streamline which divides  

the two flow regimes.  It appears  that, in na ture ,  t h i s  boundary i s  some- 

what eroded by turbulent exchange between t h e  warm environment and  the  

cold outflow. T h e  temperature structure shows that there i s  a zone about  

5 to 10 kilometers wide in which t h e  flow changes  from ambient warm air 

to cold outflow air. 

Our data  only extend down to 3 meters off the ground so we cannot  

make definit ive s ta tements  about  the ground surface boundary layer ,  out 

in t h e  layer  between 3 and  30 meters there is a lag of some 0. 5 to 1 .  5 km 

be tween the  arr ival  of a particular isotach at 30 meters and t h e  appearance  
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of tha t  speed  a t  3 meters. Direction changes  a l s o  propagate downward 

through t h i s  layer. 

3 and  18 m but t h e  gradient  i s  stronger at t h e  lower l eve l s  in the  co ld  

air .  

N o  s u c h  strong tilt i s  seen in the  isotherms between 

( N o  thermocouple w a s  located at the  30 meter level .  ) 

Multiple wind maxima are s e e n  at a l l  tower l eve l s  in each  storm. 

Maxima occur  a t  about  5 minute intervals  regard less  of the  speed  of the  

storm echo.  

had a s ta t ionary echo. 

This periodicity is s e e n  even  in the 2 7  July s torm,  which 

The spacing of wind maxima and  the length of the  mixing zone  

may be  somewhat arbitrari ly sca l ed  by t h e  component of the  mean out- 

flow wind along the  direct ion of echo  motion. 

appl ied to t h e  data  (rather crudely)  t o  genera te  t h e  last two columns in 

Table  1. This  approximately five minute periodicity of the  wind maxima 

seems to be a common feature  of the  wind da ta  a n d  thus  should warrant 

further investigation. 

This  sca l ing  has been  

D. Summary and Conclus ions  

I t  is cer ta in  from the  da ta  we have s e e n  tha t  the  s t ruc ture  of t h e  

co ld  air outflow wind f ie ld  i s  qui te  different from the  normal sea breeze 

environment present  o n  Florida's  East C o a s t  on  a summer afternoon. The 

co ld  outflow wind field pours out from the  storm, intruding into the  a m -  

bient  flow pattern. The manner of change  in wind ve loc i ty  be fo re ,  dur- 

ing , and  after the passage of t h e  edge  of the  outflow is s imilar  t o  

* 
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hydrodynamic barrier flow. The length of t he  mixing zone  a t  the  leading 

edge  of outflow is about  5 to 10 km. 

Nothing h a s  been  sa id  about the motions of wind maxima within 

the co ld  air re la t ive  to the  leading edge.  Since these  motions are *of 

t h e  scale of edd ie s ,  inferences will be  drawn f rom detai led a n a l y s e s  

which are now in progress.  For the purpose of t h i s  paper ,  the  outflow 

moves with the  storm. W e  c a n  s t a t e  tha t  the  leading edge  of the  co ld  

a i r  m a s s  from the  storm h a s  a nearly ver t ical  front ( in  t h e  lowes t  150 

meters), as evidenced by the  temperature f i e ld ,  and tha t  t he  wind field 

i s  definitely influenced by t h e  ground surface. 
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7. WIND DIRECTION OSCILLATIONS I N  THE FLANK 

OF THUNDERSTORM OUTFLOW 

T. U s h i j i m a  

Atmospheric waves  have been reported in meteorological research  

within the range of lo4 k m  m a x i m u m  to 1 k n  minimum. 

scientific reports concerned with wave lengths shorter than 1 km.  

be that t h i s  lack of information is due  to  the low vert ical  height of the 

instal la t ion and l ack  of sens i t iv i ty  of the  usua l  wind recording ins  ruments 

used in  the research.  Information from the 150-meter meteorological tower 

a t  Kennedy Space Center appears  to indicate  that var ia t ions in wave length 

a r e  reduced by friction a t  ground l eve l ,  because  in  the following case the 

osc i l la t ions  recorded a t  the tower were not discovered by instruments  a t  

ground level.  

the  flank of thunderstorm outflow, will  be ana lyzed  and d i s c u s s e d  from a 

gravitational point of view and compared with Fa l le r ' s  theory on large 

edd ie s  and the Ekman-Taylor theory of t h e  boundary layer.  

Ne do  not find 

It m a y  

'These five second osc i l l a t ions ,  found in th i s  c a s e  to  be on 

A. Meteorological Conditions 

A cold front extending from a n  occluded front emanating from a low 

pressure  center  a t  the Great Lakes was  located near  the b a s e  of the Florida 

peninsula  on 9 May 1967 (Fig.21). 

the low a l o f t ,  bringing i t  southward over Georgia. 

passed  Daytona Beach, Florida,  a t  0738 EST, 9 M a y  with no r a i n ,  a 

The polar j e t  s t ream meandered about  

Locally the cold front 

7 2  
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F i g .  2 1  Surface map f o r  0 1 0 0  E S T ,  9 May 1 9 6 7  

9 May 1 4 6 7 .  
V V T  L n c a + i o n  n f  c o l d  f r o n t  at 1 3 0 0  E S T ,  
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temperature drop of 1 3  degrees  Fahrenheit with a recovery af ter  about one 

hour,  humidity change of 45  per c e n t ,  and a wind sh i f t  of 60  degrees .  

Photographs of the Daytona Beach radar  contain a l ine dis t r ibut ion 

of echoes  along the cold front. 

individual cells moved eas t - sou theas t  (285 d e g r e e s )  rlt a speed of 35 k m  

pcr  hour. An 

es t imate  of the height of the echo  top w a s  15 k m ,  indicating that the cell 

w a s  in the mature s t age  (Fig.22). 

edd ie s  moving a t  the speed  of the l ine e c h o e s ,  35 k m  per hour,  the s i z e  

of these  edd ie s  a re  about 50 meters in diameter.  

Although the l ine moved southeas tward ,  

The nearest  e c h o  approached the tower a t  <it)out 0010 EST. 

If we consider  the osc i l la t ion  to be 

The front,  a s  shown in  Figs.23 and 24 ,  passed  the tower site a t  

0918 EST. 

direct ion s tar ted a t  0910 EST, e ight  minutes before the e c h o  passed  the 

tower. 

However, i t  should be  noticed that  the f luctuat ion of the wind 

Upper a i r  measurements were taken with radiosondes a t  Cape 

Kennedy AFS, Florida, (about 10 naut ical  m i l e s  sou theas t  of the tower) a t  

06 38 and 1816 EST. According to the synopt ic  s c a l e  a n a l y s i s  a large tem- 

perature drop ,  which normally accompanies  a n  ac t ive  cold front , did not 

occur (Fig.25). 

(1000 f t )  is nearly dry-adiabat ic .  This low s tab i l i ty  and  high wind speed  

a t  0638 EST a re  indicative of a low-level je t  below approximately 1000 f t .  

Also,  the temperature lapse  ra te  in the layer below 975 inti 

I 
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B. Features of Osc i l la t ions  

Because of the  short-period character  of the  osc i l l a t ions ,  both 

t h e  response  t i m e  and other charac te r i s t ics  of the  instruments ,  which a re  

instal led o n  the  meteorological tower, a r e  cri t ical .  The da ta  used v e r e  

from t h e  Climet Ser ies  C1-14 instruments for wind observat ion a t  the 18, 

30 ,60 ,90 ,120 ,  and 150 meter levels.  (Digital  da t a  did not include wind 

direction from the  anemometer at 3 meters. ) Dennis (1565) reported that  

fairly good wind da ta  c a n  be obtained up  to  gus t  frequency of 3-5 cyc le s  

per second by these sensors .  

The thermocouples were instal led a l s o  at the  3 ,  18,  6 0 ,  120, and 

150 meter level.  

t ion of 2 5  seconds.  

resolut ion of one-half minute, in addition to  being digi t ized at 0. 1 second 

interva 1s. 

Temperature was  recorded on s t r ip  char t s  with resolu-  

Wind da ta  were a l s o  recorded on  s t r ip  char t s  with 

Although six c a s e s  of thunderstorm outflow i n  1967 and 1968 were 

examined for t hese  osc i l l a t ions ,  only one case, 9 May 1967, w a s  found 

t o  include the  systematic osci l la t ion.  

The osc i l la t ion  began at 0909 and 40 seconds  EST, arid continued 

to 0930 when the  records were interrupted. 

increas ing  phase  lag in  the  wind direction with height.  

0909 and  42 seconds ,  a wind direction of 300 degrees  appeared on the 90 m 

l eve l  f i r s t  and then rose  up to  the 150 m level. 

6 m per  s econd)  correspond to the northerly wind o n  the 90 m level  and the  

s t rong wind zones  (above 8 m per second)  e x i s t  below the  weak  wind zones  

A s  shown i n  Fig. 26 there is a n  

For example,  a t  

The weak wind zones  (below 
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I 

a t  30 m. 

va lues  at  every 0. 5 second.  

indicated than those  shown in  Fig.26, because  they may be in t h e  mature 

s t age  when the  cold front or the cold outflow of thunderstorm passed  the  

tower site. 

Fig.27 as  wel l  a s  Fig.26 shows t h e  time sequences  with raw 

The osc i l la t ions  (Fig.27) a re  more c lear ly  

The same trend a s  seen in  Fig.26 c a n  be found in Fig.27 , except  

that  the strong wind zones  appea l  in the  60 m level.  The pas sage  of t h e  

cold front produces a change of wind direct ion from eas t e r ly  to  northerly 

and inc reases  the  wind speed  (Fig.27). 

C. Discuss ion  

The main observation to consider  in t h i s  paper is the short  period 

osc i l l a t ions ,  but t h e  unusual  profile of the  wind speed i s  a l s o  of inter- 

est. The osc i l la t ions  occurred in both warm and cold air .  The strong 

wind in the lower layer ,  when considered in profile,  dev ia t e s  from the 

normal Ekman spiral .  Any speculat ion made to  explain these  measure- 

ments  must s a t i s fy  both of the  fac ts  presented above. 

F i r s t ,  one source of osc i l la t ions  in the  atmosphere is the  internal 

gravity wave.  When condensat ion occur s ,  gravity waves  qui te  often appear  

in t h e  form of billow clouds or lee waves .  

by  the  e y e  or radar)  a r e  of t he  order 1 t o  10 km (Ushi j ima,  1959; H i c k s  

and Angell, 1968). 

Their wave  lengths (observed 

The shorter the wave length,  the smaller the ver t ical  displacement .  

a 
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Although gravity w a v e s  with lengths below 1 krn have not been reported 

in  meteorological l i terature ,  there is no reason  why such  waves  can-  

not ex is t .  

The phenomena d i scussed  here have many of  the  properties of a 

very short  gravity wave. This wave is usual ly  on a n  interface between 

f luids  of different  dens i t i e s .  The veloci ty  of the  internal gravity wave  

c a n  be represented by a n  advect ive term plus  or minus a dynamic term. 

More prec ise ly ,  phase  speed c of the  shear-gravity wave  in  

deep-water (see Ushijima, 1959, for one in shal low water )  is 

where the  d e n s i t i e s  of the  lower and upper layers  respec t ive ly  a r e  p and 

p I , t he  ve loc i t ies  U and U '  , g the  acce lera t ion  of gravity and L the 

wave  length. 

The c should be negative when the wave  propagates upwind, 

namely,  toward the cold a i r ,  

p p  ' i U  - , i j 2  '/z I - p u  + p ' u '  < [a P - p :  

P + P '  2n P + P  (P + P 

Assuming U is U '  as a n  extreme case, 
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An appl icat ion of the  va lues  a t  Cape Kennedy AFS yield appro- 

xima te ly 

under the condition as  follows: 

L: 10 m s - '  x 5 sec - 100 m = 102m 

p :  1080 gr m-3 (3000 f t  l eve l )  NV 1. 1 X l o 3  gr m m 3  

p ' :  1017 gr m-3 (5000 f t  l eve l )  Y 1 . 0  x l o 3  gr m - 3  . 

The wind speed  U ac tua l ly  w a s  greater  than 10 m s - '  . Accordingly, 

the waves  could not proceed upwind. Since osc i l l a t ions  were a l s o  obser-  

ved in the cold a i r ,  the  w a v e s  might occur o n  the shal low cold-dome f i r s t ,  

then propagate into both the  warm and the cold a i r  (Fig.  2 8 ) .  Perhaps the 

5 second osci l la t ion is found only on  the flank of the  cold a i r ,  and not a t  

i t s  leading edge.  Gravity wave  theory,  which a l lows  for measured varia- 

t ions  of the wind direct ion,  d o e s  not a l low for the  observed strong wind in 

the lower layer. 

Fal ler ' s  theory (1965) ,  which c a n  be adapted  to the ex i s t ence  of 

the large edd ie s  in b a n d s ,  ag rees  with s o m e  of the  above  obse rva t ions ,  

e spec ia l ly  with respect  to the strong wind zone  i n  the  lower layer  (see 

Fig. 2 9 ,  0638 EST profile). However,  observa t ions  show t h e s e  waves  mo-:ed 

very f a s t ,  while according to Faller the  bands should be nearly s ta t ionary.  

It may be interesting to consider  the  abnormal ve loc i ty  profile a s  

a problem of the Ekman-Taylor boundary, apar t  from the o s c i l l a t i o n s ,  s i n c e  

8 4  
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5 X Cloud moves into paper 

8 b  

F i g .  28 A model illustrafing the source of gravity wave. 
( a )  Side view of storm cloud and outflow. 
( b )  Perspective view o f  outflow a n d  w i n d  field. Point A 
a n d  6 correspond i n  the two figures. 
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F i g .  29 W i n d  v a r i a t i o n  w i t h i n  t h e  Ekman l a y e r .  
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I Surf ace 

F i g . 3 0  W i n d  h o d o g r a p h  ir, t h e  Ekman l a y e r  b e f o r e  
p a s s a g e  o f  t h e  c o l d  f r D n t  ( a )  a n d  b e h i n d  t h e  c o l d  
f r o n t  ( b )  . S m a l l  n u m b e r s  i n d i c a t e  h e i g h t  a b o v e  
g r o u n d  i n  m e t e - r s .  A r r o w s  show t h e  d e v i a t i o n  f r o m  
t h e  t h e o r e t i c a l  v e l o c i t y  ( s o l i d  l i n e s )  p r o v i d e d  t h e  
150 m e t e r  l e v e l  i s  o n  t h e  p r o f i l e  o f  t h e  Ekman s p i r a l  
T h e  d o t t e d  l i n e s  show h o d o g r a p h  o f  t h e  a c t u a l  w i n d .  
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t h i s  boundary layer  i s  regarded as almost  in a barotropic condi t ion.  

However ,  assuming tha t  t h e  ve loc i ty  at the  150 meter level  i s  on  the  

theoret ical  Ekman sp i ra l  dis t r ibut ion,  it is c l e a r  tha t  the  a c t u a l  wind 

dev ia t e s  considerab 

graphs of the  actual 

y from the  Ekman sp i ra l  (Fig. 30)  , a n d  when 'hodo- 

winds are drawn subjec t ive ly  i n  a loop!ike pa t te rs  

(18  m in (a) and 120 m in (b) are d is regarded) ,  th i s  pat tern is too  c o m -  

p l ica ted  to be so lved  by us ing  t h e  Ekman-Taylor equation. 
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8 .  CONCLUSIONS 

The  model airflow of adverse  wind condi t ions  a t  the  launch s i t e  

h a s  been  formulated and  programmed for u s e  in NASA’s computers.  

s iderat ion of the  e f fec ts  of friction on  the  wind nearest the  ground have  

been made and are now being appl ied to the  model. This  consideration 

is unique in its appl icat ion to thunderstorm outflow winds.  

Con- 

Analysis  of NASA meteorological tower da ta  has  resu l ted  in sev-  

eral case s tud ie s  of outflow tha t  conta in  genera l  wind and  temperature 

cha rac t e r i s t i c s  not known before. The  sequence  of wind and  temperature 

c h a n g e  prior to and  during t h e  p a s s a g e  of a storm h a s  been e s t ab l i shed ,  

with the  added  bonus of the  discovery tha t  a harbinger may e x i s t  to he lp  

forecast the  adve r se  condi t ions.  The change  in wind direct ion prior to 

inc rease  in speed  c a n  be used  to t r ip  a mechanical  sa fe ty  dev ice  to sta- 

bilize the  vehic le  during exposure to t h e s e  winds.  

5 s e c o n d  period osc i l la t ion ,  a s soc ia t ed  in one case with a flank of the  

moving co ld  a i r ,  may be useful  for warning during marginal s i tua t ions  

when a stsrm i s  pas s jng  nearby. The  information tha t  t h e s e  osc i l la t ions  

ex tend  into warm a i r  c a n  be used  in warning s y s t e m s  in the future ,  when 

the re  will  be a grea te r  necess i ty  for launchings during inclement weather .  

The  per iods between wind speed  maximums in co ld  a i r  indicate  tha t  the  

outflow a i r  sp reads  in surges .  

T h e  recording of 

These  su rges  a t  prescr ibed t i m e  intervals  
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may be  the resu l t  of f r ic t ional  interaction with the  ground, or they may 

be due  to osci l la tory changes  in  the precipitation-evaporation mechanism ' I  

which generates  the outflow. 

The modification of the theoret ical  outflow model with da ta  from 

c a s e  s tud ie s  is hampered by our lack of da t a  containing time var ia t ions 

of the  two dimensional horizontal  distribution; s i n c e  the  ava i lab le  da t a  

from the WIND network for that  capabi l i ty  have a resolut ion of 30 minutes. 

Five minute averages  would enhance  our e f for t s ,  while  one minute resolu-  

t ion would m a k e  the network da ta  perfectly integrated with the  NASA tower 

da ta .  But without t h i s  horizontal  capabi l i ty  the modification process  must 

continue s lowly ,  unti l  a suff ic ient  number of cases have occurred t o  d i s -  

1 tribute tower -data throughout the  storm. 

Of the  outflow cases studied in de t a i l  with tower d a t a ,  none have 

shown any  disagreement  with the  bas i c  philosophy of the theoret ical  model,  

which states that the cold a i r  moves through the environmental  a i r  in the 

manner of classical hydrodynamic barrier flow. The sequence  of wind d i -  

rect ion change prior to speed  increase  co inc ides  with the  d i f luence  in 

s t reamlines  prior t o  encountering the  boundary s t reamline that  forms the 

However the rest r ic t ions which ,necess i t a t e  combining da ta  from different  1 

storms to m a k e  up a n  empirical  model is one with which most mesometeor- 
o logis t s  have learned to contend. This h a s  been  the  case also with hurri- 
cane  researchers  and other storm re sea rche r s ,  who a r e  forced by lack  of 
laboratory control t o  u s e  the  case s tudy  approach.  
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leading edge of the  moving barrier. 

During t h i s  year of concentrated effort toward formulating the  

dynamic forecast lng model for adverse  wind condi t ions  we have  made 

def ini te  contr ibut ions to the  state of t he  art. These  contr ibut ions in- 

c l u d e  a working digi ta l  computer  program ( the only  one  of i t s  kind) 

tha t  models three-dlmens tonal thunderstmm outflow, which  tha t  c a n  be 

modified s imply by adding subprograms to compute de t a i l s  as they  be- 

come ava i lab le  from theory and  measurement in t h e  future. In  addi t ion 

to descr ibing t h e  sequence  of wind a n d  temperature change  a s s o c i a t e d  

with thunderstorm outflow, a s ignif icant  contribution may resu l t  from 

treating the  boundary layer  flow a s  a real-time forecast ing problem. 
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9. FUTURE WORK 

With the above  contr ibut ions to thunderstorm research  , we now 

concent ra te  on obtaining input parameters for the  forecast ing model. 

These  parameters include the  storm locat ion and  i t s  motion and  in tens i ty ,  

to be  derived from radar  observa t ions ,  and  t h e  v i sua l  da ta  newly ac- 

quired from time-lapse photographs of the  c louds .  The photographs 

will  be  a n  addi t ional  asset to the research  effort s i n c e  now the  onse t  

of precipitatton (resul t ing in t h e  onse t  of outflow) c a n  be  measured 

v isua l ly  and  correlated with the  s i z e  and  intensi ty  of the  radar  echo .  

The use of autographic records  from nearby weather  s t a t ions  wi l l  help 

bridge the g a p  between t h e  la rge  s c a l e  forecast of convec t ive  instabi l i ty ,  

made for Florida in the  morning hours ,  and  our individual thunderstorm 

forecast of high winds at the  launch s i te .  Additional radiosonde s ta t ions  

in Florida would provide needed  de ta i l  in t h e  s tab i l i ty  forecast as  wel l  

a s  more detai led upper a i r  f low for our loca l  fo recas t s  of storm motion. 

More case s tudies  containing more high resolut ion da ta  are being com- 

pleted and  new cases of outflow measured a t  KSC are forthcoming from 

NASA, complete  with measured network wind and  temperature , radar  e c h o e s ,  

and  t ime-lapse photographs. When t h e s e  da t a  are incorporated into t h i s  

project  the  modification of the outflow model a n d  the  t e s t ing  with inputs 

will  be completed.  

92 



t 

ACKNOWLEDG MENTS 

The au thors  wish  t o  acknowledge t h e  a b l e  efforts of the  admin- 

is t ra t ive a n d  c l e r i ca l  support  of the  personnel  of the  Ins t i tu te  for 

Storm Research ,  superv ised  by Robert S tacy  and  Jeanet te  Cockrel i .  

Particular mention i s  made of the  a s s i s t a n c e  of Josephine Par- 

r i s h  , who edi ted the  report ,  and  Rebecca Fletcher ,  who helped organize , 

guide  and  superv ise  its completion. The au thors  a r e  indeed grateful  

for the i r  pa t ience  and  support. 

Much of the  technica l  work w a s  d i s c u s s e d  with George Ficht l ,  

John Kaufman and  Kelly Hi l l  of NASA, who were of cons iderable  he lp  

in coordinating our efforts. 

Our s p e c i a l  thanks  g o  to William W. Vaughn for h i s  c r i t i ca l  re- 

view and  cons t ruc t ive  recommendations for th i s  report. 

9 3  



REFERENCES 

Atlas ,  David,  et a l .  , 1963: Severe local  storms. Meteorol. Monoqr. ,  
~ 

- 5 ,  2 7 ,  Amer. Meteorol. SOC. , Boston, Mass .  , 247 pp. 

Brook, R. R. , and K. T. Sp i l lane ,  1968: The effect of averaging t i m e  and 
I sample duration or estimation and measurement of maximum wind 
, gus t s .  Appl. Meteorol. , 7-, 4 ,  567-574: 

Brooks, Edward M. , 1963: D i scuss ions  of Ludlam's paper. Meteorol. 
Monogr. , 2, 2 7 ,  p. 31. 

Browning, Keith A. , and Tetsuya Fuj i ta  , 1965: A family outbreak of 
seve re  local  storms--a comprehensive s tudy  of the  storms in 
Oklahoma on 26 May 1963. AFCRL-65-695(1), 54 pp. 

Byers, H. R. , and R. R. Braham, 1949: The thunderstorm. Washington,  
D. C. , U. S. Goverment Printing Off ice ,  287 pp. 

Charba,  J. and Y. S a s a s k i ,  1967: Relations between the s t ructure  and 
movement of severe  storms a s  revealed from mesonetwork da ta .  
Proc- -- 5th Conf. on -- Severe - Local Storms, St.  Louis, 238-245. 

Dabbert ,  Walter  F. , 1968: Tower induced errors in wind profile measure- 
ments. J-. Appl. Meteorol. , I ,  3 ,  359-3.66. 

Darkow, Grant L. , 1968: The to ta l  energy environment of seve re  storms. 
L. Appl. Meteorol. , 1, 2 , 199-205. 

, 1969: Deflecting forces  of non-rotation convect ive 
sys t ems  due to  environmental shear .  
Amer. Meteorol. SOC. Meeting in April, 1969. 

To be presented a t  the 

Dav i s ,  Francis K. , and Herman Newstein,  1968: The variation of gus t  
factors  with mean wind speed  and with height.  Appl. Meteorol. , 
7 ,  - 3 ,  322-328. 

Dennis ,  W. C. , 1965: Analysis of wind tunnel  da t a  for s eve ra l  Beckman 
and Whitley se r i e s  50 and Climet model C1-14 anemometers.  I 
NASA TMX-53271. 

Dyer ,  A. J. , 1968: An evaluat ion of eddy flux var ia t ion in the  atmospheric  
boundary layer. L. Appl. Meteorol. , 2, 5 ,  845-850. 

94 



* 

Faller ,  A. J. , 1965: Large edd ie s  in t h e  atmospheric boundary layer and 
their  poss ib le  role in t h e  formation of cloud rows. J-. Atmos. Sci. , 
2 2 ,  - 176-184. 

Ficht l ,  George H. , 1968: An ana lys i s  of the  roughness  length a s soc ia t ed  
NASA TMX-53690. with the NASA 150-meter meteorological tower. 

. , 1968: Character is t ics  of turbulence observed a t  the  
NASA 150-m meteorological tower. Appl. Meteorol. ,  7-, 5 ,  
8 38 -844. 

Fuji ta ,  Tetsuya,  1962: A review of researches  on ana ly t ica l  meso- 
meteorology. Mesometeorology Project Research Paper No. 8 ,  
Department of Geophysical Sc iences  , University of Chicago,  
114 pp. 

, 1963: Analytical mesometeorology: a review.  Meteorol. 
Monogr. , 5, 77-128. 

G e n i s n ,  H. P . ,  and H. W. Hiser ,  1965: Mesosca le  s tud ies  of instabi l i ty  
Rept. No. 8, Inst i tute  of Marine pat terns  arid winds ir! the  t ropics .  

Science , University of Miami. 

Goldman, J. L. , 1967: A parameterized model of a i r  c i rculat ion and rain 
dis t r ibut ion in  seve re  storms. Final Rept.,  NSSL, Contract No. 
E-36-67(N), ISR, Houston, 76 pp. 

, 1968: The high speed updraft--the key  t o  the  severe  
thunderstorm. J-. Atmos-. g. , 25, 2 ,  222-248. 

, and J. C. Freeman, 1966: The development of a model 
of a i r  c i rculat ion and rain dis t r ibut ion in a s t eady  s t a t e  severe  
storm. Final Rept. , NSSL, Contract No. Cwb-11367, ISR, Houston, 
55 PP. 

, and P. W. Sloss  , 1969: Structure of the  leading edge  
Submitted t o  6th Conference on of thunderstorm cold a i r  outflow. 

Severe Local Storms, Chicago , April 8 -1 0 , 196 9. 

1 

Hicks  , J. J. , and J. K. Angell, 1968: Radar observat ions of breaking 
gravi ta t ional  w a v e s  in  t h e  v i sua l ly  c l ea r  atmosphere.  
Meteorol. , 7-, 114-12 1. 

Appl. 

95 



Kaufman, J. W . ,  and L. F. Keene, 1968: NASA's 150-meter meteorological 
tower located a t  the  Kennedy Space Center ,  Florida. NASA TMX- 
536 99. ? 

Ligda, M. G. H. , and S. G. Bigler, 1958: Radar echoes  f r o m  a cloud- 
l e s s  cold front. L. Meteorol. , 15,  494-501. 

Lumley, J. T . ,  and H. A. Panofsk.y, 1964: The -- Structure of - Atmospheric 
Turbulence. Xew York, Interscience Publ ishers ,  John Wiley and 
Sons ,  Inc.  

Milne-Thomson, L. M. , 1950: Theoretical  hydrodynamics. New York, 
The Macmillan Co. , 632 pp. 

Orvi l le ,  Harold D. , 1967: Ambient wind effects on the  ini t ia t ion and 
development of cumulus c louds  over mountains--a numerical  
experiment. Presented a t  t he  Nat ' l .  Amer. Meteorol. SOC. Meet ing ,  
New York, January 2 3-26. 

Panofsky, H. A . ,  et a l . ,  1958: The relat ion between Eulerian t i m e  and 
s p a c e  spectra .  Quart. Roy. Meteorol. &. , 84, 270. 

Peskov,  B. Y e ,  and A. I. Sni tkovskiy,  1968: Forecast ing heavy squal l s .  
Meteorologiya i-qidrologiya, 2, 52 -57. 

Rider, N. E .  , 1954: Eddy diffusion of momentum, water  vapor and hea t  
near the ground. Phil. Trans. Roy. *. , A246, 481. 

Sasak i ,  Yoshikazu and Sigekata Syono,  1966: Motion of the  vortex with 
pressure and inflow which a r e  not  c i rcular  symmetry. 
1470-3, U.  of Okla. Research Ins t i tu te ,  Atmospheric Research 
Laboratory, Norman, Oklahoma. 

No. A X -  

Ushijima, T . ,  1959: Medium-scale waves  in  t h e  atmosphere.  L: E. e. 
Japan, 37, 96-103. 

Weins te in ,  A. I . ,  and L. G. Dav i s ,  1968: A parameterized numerical  
model of cumulus convect ion.  Rept. No. lI, Contract GA-777, 
National Science Foundation, Department of Meteorology, 
Pennsylvania State  Universi ty ,  University Park,  44pp. 

96 


